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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Sound is divided into three main areas: (1) infrasound (below audible sound 
or <16Hz), (2) audible sound (16Hz-18kHz), and (3) ultrasound (above 18kHz). 
Ultrasound is the area of the sound spectrum that humans cannot hear or perceive. 
Certain animals, such as dogs and bats, are able to perceive sound above 18 kHz 
and up to 40kHz. 
Ultrasound is divided also into three main areas: (1) Power ultrasound (20kHz 
to 100 kHz), (2) extended power ultrasound (100 kHz to 2 MHz), and (3) high 
frequency or diagnostic ultrasound (2MHz to 10 MHz) (Mason, 1998). Power 
ultrasound is the area of the sound spectrum where cavitation is easily produced. 
Cavitation, or "cold boiling" as some scientists call it, can be defined as the formation 
of cavities in a liquid medium when a negative pressure is applied in sufficient 
amount to break the molecular tension (Berliner, 1997). These cavities, when 
formed, will allow any gas dissolved in the liquid to be concentrated and then, to 
form a bubble (Mason, 1991; Mason, 1998). 
There are two types of cavitation: transient (inertial) and stable (non-inertial). 
Bubbles created from these two types of cavitation will undergo rarefaction 
(expansion of the bubble) and compression (reduction of the bubble) cycle changes 
when the ultrasound waves pass through them, but the end of each bubble will be 
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different. During the transient cavitation, the bubble will grow in volume after one or 
more cycles until a critical size is achieved, at which point the bubble will implode 
into itself. One of the most common theories says that a "hot-spot" will be formed 
and this "point" could reach temperatures up to 5000°K (8500°F or 4700°C) and 
pressures of several thousand atmospheres for a duration of microseconds before 
the cycle starts again. In the stable cavitation, the bubble will be produced and the 
size will enter a cycle of growth and collapse, forming a "micro-stream" or "jet-
stream" flow around the bubble (Mason, 1991; Mason, 1998; Shah et al, 1999; 
Suslick, 1989). 
Several attempts have been made to take full advantage of cavitation in the 
food industry. Cavitation is used to improve emulsification of immiscible substances, 
degassing of liquids, crystallization of fats and sugars and many other food 
processing applications. The application of ultrasound in the meat industry has 
focused primarily on the areas of muscle area measurement, and pregnancy and 
development test for animals, where the cavitation effect has been minimized to 
avoid damage to tissue. In these areas, ultrasound has excelled because of 
advancement in several fields like: 
* Acoustics 
» Material Science 
* Computer Science 
Advancements in these fields has given much specific advancement like 
ultrasound probes, which has become more accurate and more reliable and 
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computer improvements, causing interpretation of the data obtained to be more 
accurate. The application of ultrasonic cavitation has been delayed because of the 
limitations of the equipment available (Mason, 1998). 
In 1990, a survey was conducted at Texas A&M University. It was called the 
National Beef Tenderness Survey and what they found was, that according to data 
obtained from shear force studies and sensory trained panels, tenderness was a 
problem In beef steaks (Morgan et al., 1991). Then, in 1998, a survey was 
conducted at the national level to measure the level of meat tenderness in 
supermarkets, and the researchers found that in general, meat tenderness is still 
considered a priority from the point of view of consumers; one of their conclusions 
was the necessity of reducing the number of meat cuts present at the supermarket 
level without the proper number of days of aging, which is the natural enzymatic 
process for meat tenderization, that occurs when the structure is changed over a 
period of time (Brooks et al., 2000). In theory, cavitation resulting from the use of 
power ultrasound could be used for changing the physical characteristics and other 
attributes of beef steaks, and also to lower the bacterial load. Several studies have 
been conducted to explore different applications of ultrasound in fresh and 
processed meats. The frequency range used has been from 15kHz up to 47 kHz. 
Zayas and Orlova (1970) studied the use of ultrasound to tenderize fresh meat in 
brine with positive results. Zayas and Gorbatow (1978) continued this study using 
the same apparatus (a water tank, where the acoustic horn was bonded to the base 
of the tank). They were the first ones to use a direct probe approach for this kind of 
research. Several more studies have been conducted with less desirable results 
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using what is termed "cleaning baths" by the chemical industry (Dickens et al 1991, 
Lyng et al 1997, Lyng et al 1998, Pohlman et al 1997a, Pohlman et al 1997b). This 
type of equipment has the advantage of being cheap and easy to use, but the 
disadvantage is that the energy reaching the samples is relatively low compared to 
the direct probe systems. Several other advantages and disadvantages of both 
system can be found in the book entitled "Sonochemistry": The Uses of Ultrasound 
in Chemistry" edited by Mason (1990). 
Since the energy released from ultrasound waves and cavitation can be used 
to produce changes in different materials, the hypothesis is that ultrasound waves 
and cavitation, under the right conditions, could cause the destruction or modification 
of myofibrils, cellular walls and other structures in fresh meat, that could contribute to 
meat tenderness by changing the meat structure similar to the changes experienced 
in the natural aging process. 
This review will cover some general aspects of sound, ultrasound, 
sonochemistry, sonoluminescence and cavitation. Also, we will talk about ultrasonic 
equipment, magnetostatic materials, the use and applications of ultrasound in foods 
and we will discuss meat and how tenderness is affected. 
Dissertation Organization 
This dissertation is organized into seven chapters. The first chapter is a 
general introduction to ultrasonic cavitation and the effect on meat tenderness. The 
second chapter is a literature review of related topics. The third and four chapters 
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contain a manuscript to be submitted to the Journal of Meat Science. The paper 
consists of an Abstract, Introduction, Materials and Methods, Results and 
Discussion, Conclusions and References. Chapter five entitled "Microbiological 
Effects of Ultrasound in Meats". Chapter six is entitled "Experiencing Ultrasonics" (an 
account of preliminary testing I conducted prior to my research and suggestions for 
future research). Chapter seven contains general conclusions. 
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CHAPTER 2. LITERATURE REVIEW 
Sound 
Definition 
Acoustics is the science that studies sound. Sound is part of our daily life; 
through sound we are exposed to a great number of sensory stimulations. Every 
day, we experience sound in many different ways: we listen to a song we like, a 
friend explaining how her weekend was, the high-pitched noise from a chair that has 
been dragged across the floor instead of being carried, the song of birds, 
background noise from chattering people in the hallway, etc. As you can see, sound 
is part of our lives. But, what is sound? The phenomenon of sound can be described 
as a mechanical vibration caused when pressure is applied to a medium (normally 
air) and movement of this medium occurs; in other words, sound can be explained 
as a movement of mechanical energy through air or water (medium) which causes a 
change on the surrounding pressure that can be experienced. An example of these 
"mechanical vibrations" could be experienced by placing one hand close to a stereo 
speaker and turning the volume up; when the volume increases, the displacement of 
the air in front of the speaker is greater than before and can be felt in your hand. 
A.B. Wood defined sound in his book, "a Textbook of Sound" (1964, p. 1) as 
"either as a sensation or the stimulus which produced the sensation". Rossing et al 
(2002, p. 3) defined the word "sound" in two different ways: 
1. "An auditory sensation in the ear;" 
2. "The disturbance in a medium that can cause this sensation." 
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As you can see, the definition of sound is similar from author to author. But what is 
more important, the stimulus or the sensation? According to Wood (1964), the 
physicists are concerned with the stimulus, or in other words, the mechanical 
vibration that causes the sensation in our ears. This position differs from the 
musician and physician positions who are more concerned with the sensation 
caused in our ears by the stimulus. 
There are several sources of sound, from heat sources (like explosions or 
electrical sparks), to supersonic air flow (from jet engines to a bullet cutting the air 
when fired), to the human voice (where the air flow is changed by our lungs and 
passed through our vocal cords to generate words and sounds). Vibrating bodies are 
probably the most common way to create sound. When a body vibrates, the air 
around it will start moving and displace the next layer of air to generate sound 
(Rossing et al, 2002). We will cover the way sound Is created and transmitted in the 
sound wave and sound wave propagation section. 
Wave Definition 
In this section we will talk about waves and their physical behavior. Every 
day we are exposed to different types of waves: light waves, sound waves, water 
waves, microwaves, etc; all of these types are different, but they share many 
properties and characteristics (waves of any type can be reflected and they can also 
transport energy). Dr. Cheeke (2002), in his book 'Fundamentals and Applications of 
Ultrasonic Waves' defines a wave "as the self-sustaining propagation at constant 
velocity of a disturbance without change of shape". A wave can be defined as a 
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disruption of the normal conditions of a medium, which will transport energy by 
traveling through this medium, but without any actual movement of the medium (or 
mass). This is possible when a parf/c/e (group of molecules) passes the energy to 
the adjacent particle and this process is repeated during the total duration of the 
wave cycle until all the energy is dissipated. 
Several ways to classify waves exist. One of the most useful is based on the 
direction the wave travels. A transverse wave will move perpendicular to the wave 
movement; and longitudinal waves will move parallel to the wave movement. Sound 
is probably the best example of a longitudinal wave. 
Sound Wave and Sound Wave Propagation 
Leighton (1997, p. 1) in his book "The Acoustic Bubble" defines sound as a 
"waveform consisting of density variations in an elastic medium, propagating away 
from a source". Mechanical vibrations produce sound, and these vibrations are 
generated by a body that is in a vibrational state (energy dissipation state). When 
this body "vibrates," the vibrations will be carried by the medium in the form of 
"waves" and then will be picked up by us (the human ear is probably one of the best 
"devices" for picking-up these "vibrations") or by some sort of equipment. These 
vibrations are difficult to see because normally they are faster than we are able to 
perceive with our eyes. For example, a middle C note on a piano will vibrate at 256 
vibrations per second (Henderson, 2001). These vibrations are too fast for us to see 
with our naked eye, but are high enough for us to hear. 
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As mentioned earlier, sound is produced by a vibrational body which 
produces waves and these waves are carried by the medium from point A to point B. 
A wave can be described as "a disturbance that travels through a medium 
transporting energy from one location to another location" (as cited in Henderson, 
2001, online). One way to visualize the creation and movement of waves is by 
throwing a rock in a pond and observing the circular pattern that forms. The water 
molecules in the middle of where the rock enters the water are displaced. These 
molecules will push the next molecule, and that molecule will push the next one, and 
so on. 
Sound behaves like the water molecules in our example, but instead of 
moving in all directions, the waves are displaced in longitudinal form. This means 
that the medium will move back and forth in the same direction with the sound wave 
(Rossing et al, 2002). Aristotle (384-322 BC) was probably the first person to 
propose this sound theory, even though Pythagoras (569-475 BC) was the first one 
to notice that when a string vibrates, an harmonic sound is produced. Aristotle said 
that sound was carried by air movement, and that sound can reach as far as the 
movement of this mass of air (O'Connor and Robertson, 1999; Pierce, 1981 ). All 
waves, especially sound waves, are composed of two parts, compression and 
rarefaction (stretching). In Figure 1 we can observe a representation of a wave 
sound in which the compression and rarefaction are present. The compression 
section is an area of high-pressure and the rarefaction is an area of low-pressure 
(Henderson, 2001; Lelghton, 1997). However, when we see the representation of 
sound as a wave, it is normal to get confused. The way a water wave moves (up and 
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Figure 1. Sound 
Rarefaction 
Compression Compression 
down), perpendicular to the force 
applied, is not the same as the way 
a sound wave moves, longitudinal 
to the source as mentioned earlier 
(Rossing et ai 2002). 
To generate sound, a 
med/um needs to be present. The most common medium is air, but liquids or solids 
can transmit sound. A good example of the transmission of sound in liquids is the 
use of sonar. A "wave" (sound is transmitted by waves) is sent by sonar and when it 
hits something, the wave is returned to the source and information about the target 
is obtained. Several experiments have been conducted to prove that a medium is 
necessary for sound propagation. In 1705, research was published by Huaksbee 
(Phil. Trans, 1705), which proved that without air, a bell couldn't be heard. Huaksbee 
placed a bell inside a glass container and removed the air with a pump, when the 
bell was moved up and down, the sound almost disappeared (some air was still 
inside the container). However, when the air was introduced again inside the glass 
container, the ringing sound from the bell was perceived. Several other scientists 
have repeated Huaksbee's experiment with improved results (better vacuum pumps 
helped), confirming the hypothesis of sound transmission. In the case of solids and 
some liquids of high viscosity (e.g. glass), the transmission of sound is based on the 
elasticity of the actual material. Elasticity is the study of the deformation of solids 
when external forces are applied (Cheeke, 2002). 
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Before we start talking about mechanical waves, let's try to explain the 
difference between mechanical waves and electromagnetic waves. These are 
probably the two types of waves that cause the most confusion. Electromagnetic 
waves are produced by the acceleration of charged particles (like protons and 
electrons). They are transverse in nature and the wave is sustained as the energy is 
divided between the electric and magnetic fields. They do not need a medium for 
propagation. Maxwell's equation defined the speed and formation of electromagnetic 
waves (Pitt, 1987). Now lets explain how the formation of waves takes place. An 
electron (negatively charged) is attracted by a proton (positively charged); the proton 
will actually pull the electron, but because the electron has some velocity, it will loop 
around the proton. What keeps the electron in place are attraction/repulsion forces, 
positive charges will attract negative charges, and the same charges will be repelled. 
But what about all the protons that make up the center of an atom? (Figure 2) Why 
aren't they repelled by each other? The 
reason for this is the existence of another 
particle... the neutron. Neutrons don't 
have any charge and help to keep the 
atom together. Going back to protons and 
electrons, these two particles create what 
is known as an electric force field. This 
field is an empty space between both Electron 
particles (Figure 3). The attraction 
between positively and negatively charged particles and the force applied by each 
type of particle will cause the electrons to wiggle (Goldman, 2000). For more 
Figure 2. Atom Representation 
Neutron Proton 
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information about electromagnetic waves, you can consult Dr. Goldman's website 
"Physics 2000" at "http://www.colorado.edu/physics/2000". 
Figure 3. Electric Force Field 
On the other hand, mechanical waves need a disturbance, a "medium" and a 
physical connection. In the case of air, the air molecules provide the physical 
connection. Mechanical and electromagnetic waves share the same form but differ 
in the type of energy that they transport. Electromagnetic waves transport electric 
energy and mechanical waves transport kinetic energy. Also, electromagnetic waves 
differ from mechanical waves in that the first do not need a medium to be 
transported. Even though we use the same nomenclature for both types (for 
example, frequency) and they share some properties such as they both transport 
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energy from two points, these two types of waves are completely different 
(Henderson, 2001; Rossing et al, 2002). 
Sound Properties 
As I mentioned earlier, a vibrational body introduces the disturbance in a 
medium to generate sound. The particles in the medium will move back and forward 
at the same speed. The speed at which the particles move is known as frequency. 
Frequency is how many times a particle from the medium will move back and 
forward for a certain period of time. The unit for frequency is the "Hertz", one hertz is 
equal to 1 vibration/second. Lets go back to our musical example: "A middle C note 
on a piano will vibrate at 256 vibrations per second or its frequency is 256 Hz" 
(Henderson, 2001 ). In other words, the particles will vibrate at the same frequency 
because the first molecule will pass its energy to the one closest to it, and then the 
energy will pass to the next one and so on. However, frequency also refers to the 
number of compressions (high-pressure zones) and rarefactions (low-pressure 
zones) that occur in a certain period of time (Henderson, 2001). The formula for 
frequency is: 
f = 1  / T  
Where / is the frequency (number of vibrations per second) and T is the time that it 
takes for one vibration to occur (Rossing et al, 2002). 
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Another important property is amp/#ude. Amplitude is the height of a crest 
(Figure 4). The amplitude of a wave and the amount of energy transported has a 
very close connection; when the amplitude is large, the amount of energy 
transported is big, 
Figure 4. Amplitude and Wavelength and when the 
amplitude is short, 
the amount of 
energy transported 
is small. 
Amplitude 
Wavelength 
Crest Crest 
The term mfens/fy of a sound wave (I, In watts/nf) refers to the amount of 
energy (E, in watts/s or Joule) that is moved a certain distance (area or A, in nf) in a 
certain period of time (t, in seconds): 
I  =  E / t * A  
Since the energy/time relation is equal to power (P, in watts), the formula becomes 
1  =  P / A  
Now that we have defined the term frequency, let's talk about the term speed 
of sound. Frequency refers to the number of vibrations a particle will complete in a 
certain period of time; speed is the distance that these vibrations will travel in a 
certain period of time. The wave speed depends on the properties of the medium. If 
the density of the medium is high, the speed of the wave will be slow and if the 
medium is less dense, the wave speed will be faster. Temperature and pressure in 
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the medium also impact on how fast the speed of sound will be. The equation for 
speed includes the wavelength, which is the distance between crest (amplitude) in 
one period, and the frequency: 
Speed = Wavelength * Frequency or v = f * 1 
When a sound wave moves through a medium, several other properties are in 
place. Let's return to our loudspeaker example. The sound wave moves through the 
air and encounters a different medium (our hand). The wave will behave in several 
different ways: 
1. Rebound on the surface of our hand and come back in the direction of the 
loudspeaker (Reflection) 
2. Move around our hand (D/f&acf/on) 
3. Be absorbed in a small fraction by our hand (Refraction) giving that tickling 
sensation 
The two most common of these properties are reflection and diffraction. A 
wave will normally exhibit these two properties when reaching an obstacle where 
part of the wave will rebound and part will go around. Reflection occurs when the 
wave reaches an obstacle or the end of the medium - the wave will bounce back to 
the origin. Sometimes the wavelength and speed can change, depending on some 
of the properties of the obstacle or medium (density is one of the most important 
properties causing this reflection). Sometimes we hear an echo coming back to us 
(especially when we shout in front of a canyon). This echo is just the sound wave 
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that has been reflected back to us (in the canyon, our voice will rebound in the walls 
and it will sound like someone is answering back). The shape of the obstacle will 
have an effect on the echo, as well. Sometimes the sound will rebound off several 
obstacles giving the sensation that several voices are coming back to us, when it is 
really only one sound wave bouncing back from several directions. Remember our 
example of the water pond, imagine what happens when the generated wave hits 
the end of the pond. Here, another wave will be formed (an echo of the original 
wave) and will rebound to the origin, hitting the other waves and probably causing a 
loss in speed and wavelength. 
Another property is diffraction; when the sound wave hits an obstacle, part of 
the wave will go around or look for an opening in the obstacle to go through. Imagine 
a person talking outside your door, even if the person is facing in the opposite 
direction you are able to hear the sound of her/his voice because part of the sound 
wave will go around the door (Henderson, 2001 ; Rossing et al, 2002). 
Sometimes a wave will pass through the medium or obstacle and this will 
change the direction, speed and wavelength of the wave. This phenomenon is 
known as refraction. This property is more evident when a sound wave passes from 
one medium, like water, to another, like air, with different properties (for example, 
different density). The wave will then move in different directions and the speed and 
wavelength will also change (Henderson, 2001; Rossing et al, 2002). 
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In order to know how much of this wave is reflected or refracted, we need to 
know the acoustic impedance (Z) value of the material. Acoustic impedance can be 
described as how much energy from the sound wave is absorbed (refraction) by the 
material/medium and how much is reflected (reflection). Acoustic impedance can be 
defined "as the ratio of the acoustic excess pressure 4% to the particle velocity " 
(Povey, 1997, p. 16). In order to maximize the amount of energy absorbed, the 
impedance of both materials need to be the same or close to the same, because if 
an impedance mismatch exists between the materials, the energy will be reflected 
and not absorbed. The formula for acoustic impedance is as follows: 
Ap # Z — —— = p— « pu 
f t 
Where a> is the radial frequency, k is the complex wave vector, p is the density of the 
material and u is the velocity of sound in this material (Leighton, 1997; Povey, 1997; 
Williams, 1983). We will talk more about acoustic impedance in the ultrasonic 
equipment section. 
All objects vibrate at a certain frequency or set of frequencies known as 
nafura/ frequency. The properties of the object (for example, the density of the 
material will modify the speed of the wave) and the size of the object (how long the 
object is will affect the wavelength of the wave) will dictate at what frequency the 
object will vibrate. Harmonics frequencies are the natural frequencies at which 
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reflected waves impact with the original wave causing a standing wave pattern 
(Henderson, 2001). This is also known as interference (Rossing et al, 2002). 
When a vibrational body generates sound, the vibration will produce overtone 
and fundamental sound. An overtone is a part of the same sound but with a higher 
frequency. A fundamental sound is the opposite, it's a vibration at the lowest 
frequency (Rossing et al, 2002). Let's not forget that sound waves are three-
dimensional waves because even though they tend to travel from the front of the 
sound source, some sounds will move in all directions. 
Resonance 
Resonance is another important term, which means that every object has 
what is called a "natural frequency". At this natural frequency, the object will vibrate 
at a rate where the vibrations will achieve the maximum displacement. Let's give an 
example to clarify resonance: Imagine you are on a swing and somebody is pushing 
you (the natural frequency of the swing will depend on its length). If the person 
applies the push at a precise moment every time (when the swing is at the highest 
point, before the next cycle starts), the swing amplitude will increase because the 
energy transfer is bigger than the energy lost by the swing through air friction 
(Rossing et ai, 2002). 
When an object vibrates at the same natural frequency (or near to this natural 
frequency) of another object, and these two objects are connected by a medium (like 
air), the first object will make the second object vibrate at that frequency resulting in 
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a wave with a large amplitude (Armstrong, 1999; Henderson, 2001; Pollock and 
Fridley, 1997; Rossing et al, 2002). 
One thing that we have seen many times in advertisements is how a singer 
breaks a wineglass by singing a certain note and we probably ask ourselves, "Is it 
possible?" In theory, yes. In reality, no. Why is this? The reason is that the human 
voice doesn't have enough energy for this. If the singer hits the right frequency at the 
lowest mode of vibration (you can experience this by moving your finger around the 
rim of the wineglass), the resonance frequency of the glass will cause it to vibrate 
and if the sound energy is enough, the glass will break. In the advertisement, an 
amplifier and a loudspeaker are used to generate enough energy to break the glass 
(Henderson, 2001 ; Rossing et al, 2002). Probably the best example of the power of 
resonance is what happened to the "Tacoma Narrows Bridge" or the "Galloping 
Gertie" in Tacoma, WA. The bridge was given the nickname by motorist that crossed 
the bridge. They noticed a "wave" motion immediately after the bridge was opened 
on July 1, 1940. During a windstorm on November 7 of that year (after 4 months of 
operation) winds up to 42 miles/hour generated waves and the bridge collapsed. 
After the collapse of the bridge, the structural engineering community realized how 
insufficient their understanding of several topics were, including resonance, 
vibrations and harmonics generated by wind power. If you want to learn more about 
the Tacoma Narrows Bridge, you can visit the following websites: 
http://www.civenci.carleton.ca/Exhibits/Tacoma Narrows/ 
httD://www.aiaharbormuseum.ora/nbonlinexhibit.html 
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If you want to learn more about resonance, you can visit Dr. Pollok's and Dr. 
Fridley's website "Design of Timber Structures: Dynamic Loads" at: 
http://timber.ce.wsu.edu/supplements/seismic/freouencv.htm 
And the "Physics Classroom" at: 
http://www.alenbrook.k12.il.us/abssci/Dhvs/Class/sound/u1115a.html 
Transmission of Sound In Solids 
Sound is transmitted by the vibration of particles. In the case of solids, the 
space between particles in a solid is small compared to the space between particles 
in liquids or gases. For this reason, the speed of sound is faster in solids. However, 
the speed of sound depends on the properties of the medium. There are two types 
of properties that affect speed: 
1. Inertial properties - Density is the most representative of these types of 
properties. When the density of the medium is high, the speed of sound 
will be less. 
2. Elastic properties - These properties have to do with the disposition of a 
medium to change (or maintain) shape and not be deformed when 
pressure is applied. 
Even though the inertial properties will favor a higher speed in gases compared to 
the speed in solids, the second group of properties carries a bigger effect and the 
speed of solids will be higher than of liquids or gases (Henderson, 2001 ; Wood, 
1964). 
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Solids can transmit compressional and shearing forces, and transversal, 
longitudinal and torsional waves can be encountered. When the vibration occurs 
perpendicular to the axis of the wave it is called a transversal wave. When the 
vibration moves back and forward longitudinally it is called longitudinal. In torsional 
waves, the vibration of the medium rotates back and forth in the direction of the 
energy transfer (Wood, 1964). 
Classification of Sound 
The term sound not only covers the audible range, but also deals with 
frequencies that are too low, which are called infrasound and with frequencies on the 
other side of the scale (too high), which are called ultrasound. Infrasound and 
ultrasound are the frequencies that the human ear can't pick-up (see Figure 5). 
Human hearing ranges between 16Hz to 16 kHz, although some humans can hear a 
little higher (up to 18 kHz and down to 18 Hz). Animals, such as dogs and bats, can 
hear sound at higher frequencies. 
Figure 5. Classification of Sound 
0 1CT 10= 10^ 10" 10^ 10^ 10? 
i i i i 
I ' V ' ' kkà Is 
Infrasound Human hearing 
Below 16Hz 16Hz -18 kHz 
Ultrasound 
18kHz -10 MHz 
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Ultrasound 
Definition 
Ultrasound can be defined as a mechanical vibration above the audible sound 
spectrum (18 kHz and higher). In other words, ultrasound starts when the human 
hearing ends. Scientists are divided on where ultrasound starts, some consider that 
any sound above 18 kHz is considered ultrasound. Some others say that ultrasound 
starts at 20 kHz. Ultrasound in general follows the principles and shares the same 
properties with audible sound. For example, suppose you want to measure the 
speed of sound in water, the viscosity of this liquid environment affects sound 
transmission and propagation, so when you're making calculations you have to 
consider if the water is pure water or has impurities. 
Just as mentioned earlier, ultrasonic waves are affected by the same factors 
that affect sound (for example, the density of the material/medium) and they also 
share the same properties (wavelength, amplitude, etc.). For this reason, it is 
important to understand how different parameters affect sound transmission and in 
our case, ultrasonic transmission. 
Historically the study of ultrasound started when the Curie brothers, Pierre 
and Jacques, discovered the piezoelectric effect around 1880. They found that when 
certain asymmetrical crystals (like quartz) were exposed to mechanical pressure, an 
electrical charge was generated. On the other hand, if an electrical current was 
applied to the same crystals, mechanical vibrations were produced. After this 
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discovery, a new area of research was bom; researchers were able to generate 
ultrasound to study wave absorption, underwater detection, etc. 
The first commercial application of ultrasound was in the area of underwater 
detection. After the sinking of the Titanic in 1912, new methods for iceberg detection 
were developed; one of these methods was ultrasound (in the form of SO/VAR, 
Sound Navigation and Ranging). During the First World War, the use of SONAR was 
in great demand to detect not only icebergs, but also German U-boats or 
submarines (Cheeke, 2002). 
In today's world, ultrasound is used in many different applications: from 
medicine to material testing, emulsification to sonochemistry (use of sound to 
accelerate or enhanced chemical reactions, we will talk about it later), and 
underwater detection to kidney stone destruction, etc. 
Classification of Ultrasound 
Ultrasound is divided into three main areas: (1) power ultrasound (low 
frequency, high power ultrasound; 18 kHz to 100 kHz), (2) extended power 
ultrasound (high frequency, medium power ultrasound; 100 kHz up to 1 MHz), and 
(3) medical and diagnostic ultrasound (high frequency, low power ultrasound; 2 MHz 
to 10 MHz) (European Society of Sonochemistry, 2001; Mason, 1998). Ultrasound 
continues up to 1 GHz where the area called hypersonic sound starts (Cheeke, 
2002). 
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Power ultrasound (or high power ultrasound, as it is called sometimes) is 
important because cavitation (creation and destruction of bubbles) takes place at 
these frequencies with less effort than at higher frequencies (above 100 kHz). We 
will discuss cavitation in detail in a separate section. 
Acoustic and Ultrasonic Cavitation 
Cavitation can be defined as the formation of cavities in a liquid environment 
when negative pressure is applied and the distance between molecules is at least 
twice the van der Waais (attraction force between molecules) distance. No less than 
three phases are discernable during acoustic cavitation: nucleation or formation, 
bubble growth and bubble implosion (Figure 6). The last phase is only possible if the 
right conditions of pressure and temperature are present. Cavitation is based on the 
formation and behavior of a bubble or bubbles in the liquid medium. When the 
bubble is exposed to the changes of acoustic pressure at the same time as an 
ultrasonic wave travels through the liquid, the bubble can behave in two ways: it can 
enter a never ending cycle of expansion-compression (called stable cavitation) or it 
can grow until a critical size is achieved and the bubble collapses on itself (called 
transient cavitation). We will talk about both types later on in this section. Both 
scenarios are interchangeable, which means a bubble can go either way or can 
move from one direction to the other. 
The first time cavitation is mentioned was in 1754. Leonhard Euler mentioned 
cavitation when he first established the principles of hydrostatics (Shah et al, 1999). 
Hydrostatics is a branch of physics that deals with the characteristics of fluids when 
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Figure 6. Ultrasonic Bubble Cavitation 
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1) Ultrasonic pressure is applied, and a bubble is created. 
2) The bubble undergo growth during the compression/rarefaction 
cycles. 
3) A critical size is achieved and the bubble wall lose stability. 
4) Collapse of the bubble takes place. Huge amount of energy in the 
form of heat and pressure is released to the medium. 
(Mason, 2003) 
pressure is applied. He "predicted that a flowing liquid might be subjected to tensile 
stresses if the flow velocity were high enough (as cited in Leighton, 1997, p. 7)". 
Cavitation was acknowledged for the first time in 1894 when Sir John Thornycroft 
and Sydney Barby reported their findings on the investigation of the HMS Daring 
destroyer. Damages by cavitation produced by the propeller system inspired John 
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William Strutt Lord Rayleigh to develop the first mathematical model for cavitational 
bubble collapse in 1917 (European Society of Sonochemistry, 2001, online). 
Four types of cavitation exist: (1) hydraulic, (2) acoustic, (3) optic, and (4) 
particle. Hydraulic and acoustic cavitation are based on surface tension, when the 
tension of the liquid media Is defeated, the formation of cavities takes place. The last 
two types, optic and particle cavitation arise when energy is deposited in the liquid 
disrupting the atomic structure. Hydraulic cavitation takes place when the speed 
flow of a liquid produces pressure differences, and separation of the liquid medium 
occurs forming cavities. Acoustic cavitation takes place when ultrasound waves pass 
through a liquid medium pulling the liquid apart. Audible sound does not have 
enough energy to separate the liquid molecules but ultrasound, especially power 
ultrasound is able to do so. We will talk about acoustic ultrasound in further detail 
later. 
Optic and particle cavitation occurs when a huge amount of energy is 
introduced into a liquid media in a short period of time. Optic cavitation takes place 
when a high-intensity light beam or laser is applied to a liquid producing separation 
and formation of cavities. Photons from the light beam separate water molecules 
causing the formation of cavities and allowing the dissolved gas to concentrate and 
form a bubble(s). In particle cavitation, protons and neutrinos are some of the 
elementary charged particles that can produce this type of cavitation. The 
mechanism for particle cavitation is as follows: a charged particle is sent through the 
liquid medium, leaving a trail of charged ions. The energy from these ions generates 
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some local heating, which can cause superheated conditions, resulting in localized 
boiling of the liquid medium and the formation of bubbles. Optic and particle 
cavitation are basically only used for cavitation studies (Shah et al, 1999). 
Now, Let's focus the discussion on acoustic cavitation, specifically ultrasonic 
cavitation. In order to achieve the formation of cavities in a medium by applying 
sound, we need very high intensity waves that are normally reached at very high 
frequencies or in other words, ultrasonic frequencies (Shutilov, 1988). 
In theory, to separate an ideal liquid and form the cavities, it is necessary to 
use huge amounts of energy to break the bond between molecules. This is not 
possible by applying only ultrasound (not enough energy for this purpose), but 
because all liquids contain some impurities and dissolved gases, their tensile 
strength is reduced. These impurities and/or dissolved gases are known as 
cavitation nuclei. They are the components that help to lower the tensile strength of 
a liquid (Leighton, 1997; Shutilov, 1988). 
Two types of cavitation exist: transient (inertial) and stable (non-inertial). 
Bubbles created from these two types of cavitation will undergo rarefaction 
(expansion of the bubble) and compression (reduction of the bubble) cycle changes 
when ultrasound waves pass through them, but the ending of each will be different. 
In transient cavitation, the bubble will grow in volume after one or more cycles until a 
critical size is achieved, then, the bubble will implode on itself. There are three 
common theories of what happens after the collapse of the bubble: the electrical, the 
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hot spot, and the plasma theory. The most common theory is that a "hot-spot" will 
be formed and this "point" could reach temperatures up to 5000°K (8500°F) and 
pressures of several hundreds atmospheres for a duration of microseconds and then 
the cycle starts again (Suslick, 1989). If the bubble is near a solid surface during it's 
collapse, a jet stream is formed that will hit the surface. In addition, after the 
implosion, the bubble rebound creates a pressure pulse that can cause some 
damage. In stable cavitation, the bubble will be formed and its dimension will enter a 
cycle of stable growth and collapse (without imploding). This is a low energy form of 
cavitation, but it can produce some acoustical effects such as resonance. Another 
effect of stable cavitation is know as microstreaming, which is the formation of flow 
around the oscillating bubble; if the flow speed Is large enough, shear stress can be 
produced (Mason, 1991; Leighton, 1997; Shah et al, 1999; Suslick, 1989). 
The point where one type of cavitation ends and the other starts is called the 
transient cavitation threshold, at this point the bubble may follow either path. Two 
defined phases exist in transient cavitation: a growth phase, where the bubble will be 
formed and continuously grows; and a second phase where the bubble will reach a 
critical mass. At this point, the walls of the bubble will not be able to support the 
external pressure, causing them to collapse and release large amounts of energy in 
the form of heat and pressure (Leighton, 1997). 
As mentioned earlier, cavitation is based on the formation and 
behavior of bubbles. It's difficult to explain about bubble behavior in a couple of 
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paragraphs, but if you want to learn more about it, you can consult the book by T. G. 
Leighton "The Acoustic Bubble" (1997). 
Factors Affecting Ultrasonic Cavitation 
Several factors affect cavitation. The following discussion is based on several 
books: Cheeke, J.D., 2002; Atchley and Crum, 1999; Fryer et al, 1997; Leighton, 
T.G., 1997; Mason, T.J., 1990; Mason, T.J., 1991; Shah et al, 1999; Shutilov, V.A., 
1988. 
/n a //gu/d, so//d or gas: 
1. Density - The mass of a material per unit volume. 
2. Viscosity - The resistance of a liquid to flow. In order for cavitation to be 
produce, the negative pressure applied to the medium needs to be in 
sufficient amount to separate the molecules. If the medium viscosity is 
high, the amount of negative pressure needs to be larger. 
3. Diffusion constant - Calculated value of how the liquid, solid and gas 
particles move from areas with higher concentration to areas with lower 
concentration. 
4. Surface tension - The cohesion of particles in a material. This is a very 
important parameter, because at a higher surface tension more energy is 
needed to produce cavitation. 
5. Vapor pressure - To form a bubble, the vapor pressure of a liquid needs 
to be overcome. Vapor pressure can be defined as the amount of 
pressure that needs to be applied to a liquid to start evaporating or boiling 
in a closed environment and equilibrium between the vapor phase and the 
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liquid/solid phase is reached. Vapor pressure is very dependent on the 
surrounding temperature. For cavitation to take place a volatile liquid is 
essential, the only downside is that the formed bubbles will have a high 
concentration of vapor on the inside causing a less powerful implosion. 
6. Expansivity - Almost all materials (liquids, solids and gases) will expand 
when heat, in the form of a temperature increase, is applied. When 
dealing with bubble cavitation, it is really important to know how much the 
material forming the bubbles is able to expand until its molecules 
separate. 
7. Thermal Conductivity - Thermal conductivity is defined as the amount of 
heat flow a material can allow to pass when a temperature change occurs. 
8. Specific Heat - The amount of heat per mass needed to raise the 
temperature by one degree. This parameter affects the wave speed in the 
medium. 
9. Amount and Type of Impurities Present - The formation of bubbles 
depends on the presence of impurities (dissolved gas and solids in 
solution) in the liquid medium. 
Thermodynamic Variables: 
1. External Pressure - Amount of pressure applied to the material. When the 
external pressure is increased, a larger amount of ultrasonic energy is 
needed to produce cavitation. Also, the collapsing bubbles will generate 
excessive amount of energy and this energy will be released into the 
medium. 
33 
2. Temperature - At higher temperatures, cavitation is easier to achieve, but 
the energy release will be smaller. At higher temperatures, more bubbles 
will be formed and these bubbles will act as a "cushion" for the sound 
wave energy transmission, causing a less violent bubble implosion. 
3. Heat Balance - When dealing with cavitation, a delicate balance exists 
between the ideal temperature needed to create enough bubble formation 
to produce sufficient cavitations! energy for changes in the material to take 
place. 
4cous#c Vanab/es: 
1. Acoustic pressure - Amount of external pressure produced by an 
ultrasonic wave and applied to the medium. 
2. Frequency - When the frequency of a sound wave is increased, the 
formation of bubbles is less feasible, unless the amplitude (power) of the 
wave is also increased. One way to visualize this is by imagining the wave 
shape. At higher frequencies, the wavelength and time are decreased. As 
a result, less time is available for the formation and growth of bubbles and 
the only way to make up for this is by increasing the amount of energy 
(intensity) applied. 
3. Intensity - Amount of power introduced into the system. At higher 
intensities the resulting cavitation is better. But, the system that generates 
the power can break because of the vibrations, therefore the intensity 
cannot be increased without end. In addition, the intensity cannot be 
increased forever because at higher intensities a decoupling (separation 
between the ultrasonic transducer and the medium) of the system can 
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occur. Also, a large amount of power will create an increased amount of 
bigger, stable bubbles, creating an undesirable cushion for the wave 
transmission. 
Sonochemistry and Sonolumlnescence 
The study of "the effect of ultrasound waves on chemical reactivity" (Mason, 
1991, p. 17) is known as sonochemistry. Sonochemistry is probably one of the 
newest branches of chemistry where the use of sound, especially ultrasound, 
improves several chemical processes such as catalyses, accelerates chemical 
reactions and allows special chemistry reactions to take place. Sonochemistry has 
been gaining popularity since the 1980 s and 1990 s. Scientists are realizing that by 
using ultrasound, many reactions that were not possible at room temperature are 
now possible. The reason for this is that ultrasonic cavitation produces enough 
energy and pressure to allow these reactions to take place (Mason, 1990; Mason, 
1991; Suslick, 1989; Suslick et al, 1999). 
Sonolumlnescence is the production of light by cavitation when ultrasound is 
applied to a medium. Physicists are more interested in the production of light than in 
the chemical changes that take place during cavitational collapse of the formed 
bubbles. Several theories are in place to account for this phenomenon. Probably one 
of the most acceptable is the "plasma theory". The plasma theory states that inside 
of the bubble, electrons and ions are colliding with each other and this produces 
plasma (Crum et al, 1999; Verrai and Sehgal, 1988). 
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Ultrasonic Equipment 
In order to produce ultrasound, all the systems have two main components: 
an energy source generator (electric, pumped liquid, etc.) and a transducer. The 
transducer is probably the most important component of the ultrasound system 
because it transforms mechanical or electrical energy into sound energy. Three main 
types exists (Cheers, 2000; Hansen, 1996; Mason, 1991; Mason, 1998; Perkins, 
1986): 
1. Gas-driven transducer - Imagine a whistle, when you blow air into it, a loud 
sound is produced. The same principal is applied to this type of transducer: 
the gas is forced into a small orifice in a resonant chamber and ultrasound is 
produced. The problem with this type of system is that the power (intensity) 
that is produced is very small, and increasing the power is impractical. 
2. Liquid-driven transducer - Similar to the gas-driven transducer, but instead of 
gas, a liquid is used. The liquid is forced over a blade that vibrates and 
generates the ultrasonic wave (Figure 7), which produces cavitation bubbles. 
This type of system is ideal for mixing because of the changes in liquid 
pressure and production of cavitation in the cavitational chamber. 
3. Electromechanical transducer - In this class, two types of transducers exist: 
a. Magnetostrictive transducers based on the magnetostriction of some 
ferromagnetic materials like nickel. Magnetostriction is a mechanical 
property of some metals that causes a change in shape when a 
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Figure 7. Liquid-Driven Transducer. 
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(Povey and Mason, 1998, p. 107) 
magnetic field is applied (Pitt, 1987). The transducer is composed of 
several thin layers of a ferromagnetic material surrounded by a coil of 
wire (usually made of copper) that conducts the electrical current. 
When current is applied, the ferromagnetic material changes in shape, 
and by rapidly switching on and off the current, mechanical vibrations 
are generated (Figure 8a). Two disadvantages exist with this type of 
transducer, first the frequency is restricted to below 100 kHz, and 
secondly, the electrical efficiency of the system is around 60% with a 
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Figure 8. Electromechanical Transducers 
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large amount of this energy lost as heat. This is the reason why it is so 
important for these systems to have a good refrigeration system. 
b. Piezoelectric transducer - Piezoelectric transducers use ceramic disks 
with piezoelectric materials such as barium titanate or a pre-polarized 
lead titanate zirconate normally in pairs. Each disk is connected to a 
pair of electrodes that is used to apply the current, this causes the 
expansion/contraction cycle that in turn produces the ultrasound 
(Figure 8b). Both disks are kept together by a clamp screw to avoid 
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cracking them. This type of transducer is more common. It has more 
than 95% electrical efficiency and operates at all frequencies. One 
problem with this transducer is that it is not able to withstand 
continuous usage at high temperatures because ceramic material is 
degraded by heat. 
This last type of transducer (electromechanical) is the most commonly used in 
the food industry. When choosing one of these systems, it is necessary to consider 
the conditions under which the system will operate. Both systems are composed of 
three elements: 
« A generator to convert electricity into the frequency, voltage and current 
needed by the ultrasonic system. 
• A transducer to convert the current into ultrasonic vibrations. 
• A delivery system for transferring the ultrasonic power to the 
medium/material. 
The delivery system is an integral part of the ultrasonic system. Several types 
of systems are available (cleaning baths, probe systems, tube reactor, liquid whistle, 
etc), but only two of these have been used in food experiments/applications: the (1) 
ultrasonic bath and the (2) probe system. 
(1 ) Ultrasonic baths 
The majority of studies involving ultrasound have been 
conducted using this type of equipment because they are cheap and 
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easy to use. They normally operate at 40 kHz with the transducer fixed 
on the bottom of the tank (Figure 9). It requires the presence of a liquid 
medium to transport the ultrasonic waves. One problem with these 
systems is that at different tank depths, the intensity levels (power 
introduced to the system) are different. The reason for this is the 
presence of standing waves created by the reflection of ultrasound 
waves. Other disadvantages are that these systems are considered 
low power and it's not possible to control the energy input. 
(2) Ultrasonic probe 
This type of system was actually designed for the biological 
sciences to disrupt bacterial cells, and was modified for other 
Figure 9. Ultrasonic Bath 
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applications. Several advantages over the ultrasonic baths exist. For 
example, the amount of ultrasonic power that can be introduced into a 
medium/material is up to 100 times larger than when ultrasonic baths 
are used. In order to obtain the desired frequency, a /?om made of 
titanium alloy, aluminum, aluminum bronze, or stainless steel (in order 
of preference) is attached to the transducer. The horn works by 
amplifying the acoustic energy from the transducer to be delivered to 
the medium. Several different types of horns are shown in FigurelO. 
Figure 10.Ultrasonic Horn Shapes 
a. Uniform cylinder b. Stepped 
Nodal point 
c. Exponential taper d. Cone 
Nodal point 
Nodal point 
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Magnetostrictive Materials 
As mentioned before, the phenomenon of magnetostriction can be defined as 
a mechanical property present in some ferromagnetic materials that allows them to 
change in shape when a magnetic field is applied. In order to understand how this 
change in shape takes place it is necessary to understand magnetism. Magnetism is 
a physical phenomenon that involves the movement of electrical charges when an 
energy gradient exists. We normally associate magnetism with a piece of metal and 
a magnet, we can attract the metal by using one side of the magnet, but we can also 
repel the metal by using the opposite side. These repulsion/attraction forces are 
known as magnetic fields, and are present any time electrical charges are in motion. 
Another important issue of magnetostrictive materials is the elastic properties of the 
ferromagnetic materials. All types of solids can be stress until a break point is 
achieved. Some materials are more rigid than others, but all materials can be bent 
and they will tend to return to their original shape. This characteristic is known as the 
elastic property of materials (Calkins, 1997; Jiles, 1998). 
Several magnetostrictive materials are available today for transducer 
construction. I will only talk about one material in particular, Terfenol-D. Terfenol-D 
stands for Terbium (Ter), Iron (Fe), Naval Ordnance Laboratory (NOL) and 
Dysprosium (D). It is a metallic material capable of converting high energy levels, 
both mechanical or electrical, and supporting higher stress levels that some other 
magnetostrictive materials. It can be shaped in many different ways, from solids to 
hollow rods, discs, plates, laminations and powder. Because this material can 
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withstand high levels of stress and temperatures over 200 °C, many transducers are 
made of this material. 
Ultrasonic Power Measurement Methods 
When dealing with ultrasound it is very important to know the amount of 
acoustical power that is entering the medium. Four classes for power dosimetry exist 
(Berlan and Mason, 1996): 
(1) Thermal methods 
a. Calorimeters - Based on the measurement of temperature increase, it 
measures total power or intensity. 
b. Acoustic dilatometer - Developed by Mikhailov and Shutilov in the 
1950's. This method is based on measuring the rate of thermal 
expansion of a liquid in a capillary tube. 
c. Thermal probes - Similar to the calorimeter, but based on the direct 
use of thermal probes. 
(2) Measurements at the transducer 
a. Electrical impedance - Power is obtained by comparing results with 
the system fully loaded and then unloaded. Not very reliable. 
b. Mechanical measurement at the transducer - Excellent method for 
solids. Results can be obtained by measuring force, velocity, and 
changes in phase on the material at different points. 
c. Amplitude displacement - Based on the measurement of the amplitude 
at the tip of the horn. 
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(3) Methods based on direct mechanical effects 
a. Acoustical probes - Use of microphones, hydrophones, etc. 
b. Optical methods - Based on optical changes, such as changes in the 
refractive index of the medium. 
c. Acoustic impedance - Measure of changes in acoustic impedance by 
using microphones. 
(4) Methods based on secondary effects of sound propagation 
a. Acoustic output and noise measurement - By using microphones 
and/or hydrophones, the amount of sound (or ultrasound) and noise 
entering the medium can be measured. 
b. Sonoluminescence - By measuring the amount of light generated by 
the passage of the ultrasonic waves. 
For a more in depth review of dosimetry, consult the book "Advances in 
Sonochemistry, Vol. 4" edited by Timothy Mason (1996). 
Uses and Applications of Ultrasound 
Ultrasound and ultrasonic cavitation have a wide range of applications in 
several fields. In chemistry and material sciences it is used to decrease reaction 
time, modify the yields from a reaction, degas a liquid medium, activate metals for 
reactions and many other uses. Ultrasound is also used in material science to 
determine the properties of different materials by ultrasonic spectrometry and 
topography. Ultrasound can be used for welding, machining and soldering. It can be 
used for cleaning (known as sonocleaning), emulsification, and extraction, etc. 
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(European Society of Sonochemistry, 2001 ). Ultrasound has many uses in foods 
(Mason and Paniwnyk, 1996; Mason, 1998; Roberts, 1991), some of these uses are: 
1. The production of yogurt by stimulating the lactobacillus involved in the 
acidification of milk. 
2. Ultrasound can also be applied to accelerate or slow down enzymatic 
reactions. 
3. In the aging process of wine and spirits, where the ultrasound helps with 
the oxidation reactions to simulate the aging process. 
4. Emulsification: ultrasonic cavitation aids in mixing two immiscibles liquids. 
5. Protein extraction is greatly improved by ultrasound. 
6. In sterilization because of the large amounts of energy released. 
Several attempts have been made to take full advantage of cavitation in the 
food industry. Cavitation is used to improve emulsification of immiscible substances, 
degassing of liquids, crystallization of fats and sugars, and many other food 
processing applications (Mason, 1998). Several studies have been conducted to 
explore different applications of ultrasound In fresh and processed meats. The 
frequency range used has been from 15kHz up to 47 kHz. Zayas and Orlova (1970) 
studied the use of ultrasound to tenderize fresh meat in brine with positive results. 
Zayas and Gorbatow (1978) continued this study using the same apparatus (a water 
tank, where the acoustic horn was bonded to the base of the tank). They were the 
first to use a direct probe approach for this kind of research. Several more studies 
have been conducted with less desirable results using what is termed "cleaning 
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baths" by the chemical industry (Dickens et al, 1991; Lyng et al, 1997; Lyng et al, 
1998; Pohlman et al, 1997a; Pohlman et al, 1997b). This type of equipment has the 
advantage of being cheap and easy to use, but a disadvantage is that the energy 
reaching the samples is relatively low compared to the direct probe systems. 
Biological Effects of Ultrasonic Cavitation 
Several theories exist on how cavitation affects biological materials. Stable 
cavitation is known to create shear damage on cells when the velocity of the 
microstreaming (flow generated around the bubble during expansion/contraction 
cycles) reaches the proper level. However, transient cavitation probably causes the 
biggest impact on biological materials. Bubble implosion creates huge amounts of 
pressure and high temperatures causing many changes. In addition, the high 
pressure and the jet stream created during implosion can cause mechanical 
damage. The high temperature causes molecular bond destruction, creating free 
radicals (Frizzell, 1988; Williams, 1983). 
Meat 
Definition 
Since the beginning of time, man has been hunting animals for the skins to 
make clothing and to shelter them from the weather, but also, and probably the most 
important reason, for food. Meat has been an integral part of the human diet for 
centuries. Meat is an important source of nutrients, vitamins, and essential amino 
acids. 
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Meat is considered a high protein food. These proteins are high in quality and 
digestibility. Meat protein digestibility is higher (between 94-97%) when compared to 
plant proteins (between 78-88%), except probably some of the soy proteins (like 
isolate soy protein, which has around the same percentage digestibility as meat 
animal proteins). Another important factor is the content of amino acids, especially 
some essential ones for growth and development. Meat contains considerable 
amounts of lysine and threonine, and sufficient methionine and tryptophan. From a 
nutritional point of view, meat is probably one of the best sources of essential amino 
acids. It is possible to obtain these amino acids without animal products, but it will 
normally take several vegetable sources to supply all of the essential amino acids. 
The exception to this is again isolated soy protein, which contains sufficient amounts 
of these amino acids except methionine (Romans et al, 2001 ; Varnam and 
Sutherland, 1995). 
Let us now define meat. Meat can be defined as a tissue coming from 
animals, such as cattle, hogs, poultry, fish, etc. The Merriam Webster's (1995) desk 
dictionary defines meat as "animal and especially mammal flesh considered as 
food", and Hedrick et al (1994, p. 3) defines meat as "... those animal tissues that 
are suitable for use as food". 
Muscle Classification and Muscle Structure 
Several classifications of meat exist. Probably the most common is by the 
color of the meat fibers, which reflects the amount of myoglobin (pigment which 
gives the color red to the muscle) present in the muscle. 
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a) Red, which contains the highest concentration of myoglobin. 
b) Intermediate 
c) White fibers, which contains the lowest concentration of myoglobin. 
Another classification is by contraction speed of the muscle (how fast the muscle 
movement takes place): fast twitch or slow twitch. While other classification systems 
exist these two are the most common (Romans et al, 2001 ; Vamam and Sutherland, 
1995; Xiong, 1994). 
The following discussion about meat muscle structure is based on different 
books (Foegeding et al, 1996; Garrett and Grisham, 1999; Hedrick et al, 1994; 
Hoogenkamp, 1998; Voet and Voet, 1995). Meat is composed primarily of muscle 
tissue. Four kinds of muscle cells exist in animals: 
1. Skeletal 
2. Smooth (digestive tract) 
3. Cardiac (heart) 
4. Myoepithelial 
Of these four types, the most important muscle tissue Is the skeletal class. This 
muscle type has a long striated appearance under the light microscope, it is 
multinucleate (several nucleus) and is made from long parallel bundles of 
unbranched muscle fibers 20 to 100 pm in diameter. In general, muscle fibers are 10 
to more than 100 ym in diameter, and can be extended for a number of centimeters, 
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but they do not extend the entire length of the muscle. The movement of skeletal 
muscle is called voluntary, which means they are activated by electrical signals sent 
by the brain via the nervous system. Skeletal muscles provide the support and the 
movement for the body, and are generally attached directly or indirectly to the 
skeletal system. The smooth muscle class is present in all the hollow organs, veins 
and arteries. The digestive system is probably the best example of this type of 
muscle. Smooth muscle movement is /nvo/Wa/y, its appearance is non-striated and 
its cells only have one nucleus. The cardiac muscle is only present in the heart, its 
movement is also involuntary as in the smooth type; its appearance is striated and 
its cells only have one nucleus. The last type of muscle, the myoepithelial type is 
composed of several specialized cells. These types of cells are contractile in nature 
and are located in secretion glands like the mammary glands and salivary glands. 
Now, let's talk about the structure of muscle. Each muscle is surrounded by a 
thick layer of connective tissue called the epymysium (Fig 11), which divides all 
muscles and is attached to tendons. Furthermore, the muscle is divided into small 
groups of fibers or bund/es by another layer of connective tissue called the 
perimysium (Fig 11 ). Between the muscle bundles, we can find fat cells, blood veins, 
arteries and nerves. The nerves conduct the electrical impulses for movement and 
contraction of the muscle. We will talk about muscle contraction later on this chapter. 
Now, every individual fiber that is part of the muscle bundle is separated by another 
membrane called the endomysium, where several capillaries can be found. 
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Figure 11. Light Microscopy Picture of Skeletal Muscle Structure 
Epimysium 
Perimysium Tendon 
Not all the muscle fibers are alike; depending in their contraction rate, there 
are two main types: fast contraction or white fibers and slow contraction or red 
fibers. The first type depends on g/yco/ys/s (the breakdown of carbohydrates, like 
glucose, to produce piruvate or lactic acid and a small amount of energy in the form 
of ATP's) for movement. Glycolysis can happen through two mechanisms, with 
oxygen (aerobic or oxidative) and without oxygen (anaerobic). Red fibers depend on 
the oxidative metabolism (like Z/po/ys/s, which is the conversion of adipose tissue or 
fatty acids by the mitochondria to produce energy (ATP's) and some other products 
(water and carbon dioxide). All muscles are made up of a combination of these two 
main types of fibers. 
50 
The muscle fiber is surrounded by a very thin and transparent membrane, 
the sarcolemma. This membrane is composed of protein and lipid materials. The 
sarcolemma is involved in the active transport of nutrients, potassium, sodium and 
other components and is involved in the transport of calcium, which is used to 
activate the contraction-relaxation process. With the transversal tubules (T Tubules), 
the sarcolemma is implicated in the transport of the electrical signal that orders the 
muscle to contract and rest. 
Other components of the muscle fiber (cell) are the sarcoplasma, nuclei, 
sarcosomes, sarcoplasmic reticulum (SR), ryanodine receptor, ribosomes, glycogen 
granules, lipid droplets and myofibrils. The sarcoplasma is the intracellular 
substance where the organelles are suspended. Seventy five percent of the 
sarcoplasma is water. The sarcoplasma also contains: soluble proteins 
(sarcoplasmic proteins), glycogen, ribosomes, lipid droplets, enzymes, non-protein 
nitrogenous compounds and other constituents. Just as we mentioned earlier, 
skeletal muscle fibers are multinucleated, but the number of nuclei is not constant 
because the length of the fibers have enormous variations, a long fiber (several 
centimeters) could have hundreds of nuclei. 
The sarcoplasmic reticulum is a group of tubules and cisternae whose 
function is to retain calcium for contraction. When the signal (electric impulse) for 
contraction is sent to the muscle, calcium is released through the ryanodine 
receptors (calcium release channel). During relaxation, the calcium is pumped back 
51 
(Ca ATPase: Ca pump) into the sarcoplasmic reticulum. We will talk about muscle 
contraction later. 
Something unique about muscle fibers are myofibrils (Fig 12). During the 
muscle contraction/relaxation process, the myofibrils provide the muscle with the 
needed force. The myofibrils may extend the full length of the muscle fiber, they are 
thin (about 1-2 pm width), long, have a cylindrical shape and account for about 80 
percent of the volume of each cell. An animal muscle could contain as many as 2000 
or more myofibrils. When a myofibril is observed under the microscope, the structure 
exhibits different areas (Fig 12): "A" and "I" bands, H zone, Z line, and sarcomere 
(the sarcomere run from one Z line to the next). The sarcomere is the contractile unit 
of the fibril and consists of thick and thin longitudinal filaments, which are composed 
of proteins. The A band consists of thick (myosin) and thin (actin, tropomyosin and 
troponin). The I band is composed of thin filaments. Thin filaments extended through 
the Z disk in both directions and overlap with thick filaments from the A band, only in 
the lighter zone of the A band (H zone), the thick and thin filaments are not folded 
over. During contraction, the A band remains constant, but the I band and H zone 
change in size. Another part of the sarcomere is the M line which is located in the H 
zone. The M line is the darker zone in the middle of the H zone and it is possible that 
the function of the M line is to hold the filaments in place. 
The composition of lean meat is about 20% protein, 5% fat, 2% soluble 
substances (carbohydrates, vitamins and minerals) and 73% water. About 50% of 
total protein is myofibrillar protein. 
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Figure 12. Organization of Skeletal Muscle. 
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Muscle Proteins 
Meat proteins can be classified as stromal, sarcoplasmic and myofibrillar 
proteins. Stromal proteins are not soluble in water and are classified as membrane 
proteins and connective tissue proteins. Membrane proteins are lipoproteins and are 
included in the epimysium, perimysium, endomysium, sarcolemma, and 
mitochondria as well as other membrane proteins. Connective tissue proteins 
include collagen, elastin, and reticulin. Stromal proteins are very important because 
they can affect the quality of the meat because of their toughness. They also affect 
the nutritional value of meat because stromal proteins are considered "low quality 
proteins", since they have a low proportion of essential amino acids (Foegeding et 
al, 1996; Garret and Grisham, 1999; Hedrick et al, 1994; Hoogenkamp, 1998; 
Parrish, 1998; Schut, 1976; Voet and Voet, 1995). 
Collagen is probably the most important stromal protein. Its accounts for a 
third of the total body protein and contributes as a framework for the body. 
Of the total amount of collagen present, 40 percent is located in the skin and the rest 
is distributed in different parts of the body, such as the tendons. The tendons are 
probably the tissue with the highest level of collagen (Schut, 1976; Voet and Voet, 
1995; Woodhead-Galloway, 1980). Collagen can be found in large concentrations in 
three main tissues: the epimysium (connective tissue that surrounds individual 
muscles), the perimysium (connective tissue that surrounds bundles of muscle fibers 
and contains lipids deposits and blood vessels), and the endomysium (connective 
tissue surrounding individual muscle fibers) (McCormick, 1994). Several types of 
collagen exist (around 15 different types), but only four are important when talking 
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about muscle composition. Types I and V are present in the epimysium and have a 
striated appearance; type III shares the same form, but is present In the perimysium. 
These three types share a similar basic structure and length (around 300 nm), and 
are important in raw meat, but they differ in their a-chain composition. Type IV does 
not share the conformation of the other three types and is present in the 
endomysium (Romans et al, 2001 ; Vamam and Sutherland, 1995). 
One of the main concerns with collagen is the effect that it has on meat 
tenderness. When collagen is present in high concentrations in the muscle, it has a 
negative effect on tenderness. Another factor that affects collagen is aging. Aging of 
an animal causes the collagen to cross-link, causing a permanent problem with 
tenderness. Meat from older animals is tougher than meat from younger animals. 
The main amino acid residues (Figure 13) in collagen are glycine (33%), 
proline («15%), and hydroxyproline (12.8%). Collagen can be identified by its 
sequence: every third residue is a glycine (Gly); and also by the large amount of 
glycine, proline (Pro), hydroxyproline (Hyp), and the presence of hydroxyzine (Hyl). 
Compared with the other meat proteins, collagen contains the highest level of these 
amino acid residues than any other meat protein (Baum and Brodsky, 2000; Schut, 
1976; Voet and Voet, 1995). Heat affects the stability of collagen. At 60°-70°C, 
collagen fibers shrink to about one third of their original size and at temperatures 
over 70°C they become gelatin. Reticulin is similar to collagen in many aspects, but 
when heated does not become gelatin (Schut, 1976). 
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Figure 13. Basic Amino Acids in Collagen 
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Something unique about collagen Is it's unusual conformation; collagen is a 
triple helix, which means it is three chains of amino acids crosslinked together in a 
spiral conformation. The presence of proline and hydroxyproline helps to stabilize 
the triple-helix structure of collagen (Baum and Brodsky, 2000). Many of the 
properties of collagen depend on the triple helix conformation, such as returning to 
its original form after cooking-chilling a collagen gel and its toughness (Woodhead-
Galloway, 1980). 
Another important stromal protein is elastin. Elastin is not affected by heat, 
like collagen and reticulin. It contains two very uncommon amino acids residues; 
desmosine (Figure 14) and isodesmosine (Figure 15). These two amino acid 
residues are involved with cross linking of the peptide chains, and cause the elastic 
properties of elastin (Schut, 1976; Voet and Voet, 1995). 
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Figure 14. Desmosine 
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Myoglobin structure consists of eight helices (labeled A to H) that are linked by short 
polypeptide segments, 153 residues and a heme group form the structure of 
myoglobin. The range of length in each helice is between 7 to 26 residues and 
incorporates 121 of myoglobin's 153 residues. Myoglobin and hemoglobin a and p 
subunits sequences are quite similar (Badui, 1988; Voet and Voet, 1995). 
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Figure 15. Isodesmosine 
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the muscle filaments (Figure 16): thick filaments (myosin) and thin filaments (actin). 
In live animals, contraction/relaxation is possible by increasing or decreasing the 
overlap between these two filaments. This mechanism is in part responsible for the 
WHO of the muscle (Foegeding et al, 1996; Parrish, 1998; Schut, 1976; Voet and 
Voet, 1995; Xiong, 1994). 
The thick filaments contain myosin which is considered a contractile protein 
present in the A band. Myosin is the most abundant of all meat proteins, 35% of 
muscle protein Is myosin (Schut, 1976). "Myosin molecules consist of six highly 
conserved polypeptide chains, two heavy chains and two pairs of light chains, the 
so-called essential (ELC) and regulatory (RLC) light chains" (Voet and Voet, 1995). 
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Figure 16. Muscle Filaments 
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When myosin is digested by trypsin (proteolytic enzyme produced in the pancreas), 
it is separated in two components: light meromyosln (LMM) and heavy meromyosin 
(HMM); HMM can also be split in two identical subfragments (S1) and one rod-
shaped subfragment (S2) using papain (a protease present in papaya juice used for 
meat tenderization). One of the most important properties of myosin is the ATPase 
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activity involved in muscle contraction. Myosin in the presence of actin forms 
actomyosin. When ATP binds with actomyosln, the myosin component is separated 
from the actin component of actomyosin. The myosin-ATP complex forms a stable 
high-energy myosin-ADP-Pi complex. In the next step, actin binds with this complex 
(myosin-ADP-P|). In the last step of this process, the actin-myosin-ADP- Pi complex 
releases the P, first, then the ADP and the process starts again. This process of 
binding and releasing the actin and myosin provides the driving force for muscular 
contraction. Something unusual about myosin is that it has fibrous and globular 
properties, the N-terminal has a globular head and the C-terminal forms a long 
fibrous a-helical tail (Garret and Grisham, 1999; Voet and Voet, 1995). 
Thin filaments are formed with actin, tropomyosin and troponin (three types 
exist: TnC, Tnl, and TnT). Actin accounts for 15% of all muscle protein and in 
conjunction with myosin, forms the contractile proteins; actin is located at the l-band. 
Each actin filament (known as F actin) is composed of several single molecules of 
globular actin or G actin. The G actin binds one molecule of ATP. Under 
physiological conditions, G actin can be polymerized to obtain F actin. This process 
also hydrolyzes the ATP to ADP and the ADP remains bound to the F actin. "F-actin 
forms the core of thin filaments" (Garret and Grisham, 1999; Schut, 1976; Stevens 
and Lowe, 1997; Voet and Voet, 1995). Tropomyosin and troponin are part of the 
regulatory protein group, and they are considered major proteins in this group. The 
regulatory group can be classified as: myosin-associated proteins and actin-
associated proteins (Garret and Grisham, 1999). Tropomyosin and troponin are 
located at the I band with actin, and they are part of the actin-associated proteins 
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group. The function of tropomyosin is to bind with actin and position troponin in order 
to start muscle contraction by allowing troponin C to bind calcium and exposing the 
myosin binding sites in actin (Figure 17). The tropomyosin-troponin complex is 
important for muscle contraction, because this complex controls the access of 
myosin S1 to their actin-binding sites. Several minor regulatory proteins are present 
as well, a-actinin is present in the Z line, and its function is to anchor the actin 
filaments from one sarcomere to the next one in conjunction with eu-Actinin and 
filamin (ABP). /?-actinin, y-actinin and paratropomyosin are also part of the actin-
associated proteins group. The function of /?-actinin in the muscle is to block the end 
of an actin molecule by binding on this site, preventing any other protein from 
binding with actin at this end. y-actinin also works by preventing actin from binding, 
but its location is unknown. Paratropomyosin and tropomyosin appear to have the 
same function (stop actin and myosin binding), but with the difference that 
paratropomyosin is located in A-l bands junction (McCormick, 1994; Garret and 
Grisham, 1999; Stevens and Lowe, 1996; Voet and Voet, 1995). 
The myosln-associated proteins group is made up of M protein, myomesin, 
creatine kinase, C protein, F protein, H protein and I protein. The M line or disk, 
which gets its name from the original description in German (Mittellinie, which means 
middle line), is composed of the M-protein, myomesin and creatine kinase. This 
group binds with the myosin filaments and keeps the filament integrity. Creatine 
kinase also facilitates the regeneration of ATP for muscle contraction. At the A band, 
we can find the C-protein, F-protein and the l-protein; and near the M line, we can 
find the H protein. Concerning the function of these four proteins, we know that the 
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Figure 17. Proposed Actin-Myosin Binding Route 
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Another important 
group of proteins is the 
cytoskeletal group. Titin or 
connectin is a very long 
and elastic protein. It is the 
largest protein known, and 
in the muscle it is present 
as thin, long and elastic 
filaments. These filaments 
begin at the M line and run through the myosin filaments until they reach the Z line. 
The function of titin is probably as a link between the myosin filaments and the Z 
line. Another role of titin is to help maintain the muscle structural integrity. Nebulin is 
another protein from this group which is supposed to be in association with the thin 
filaments. Along with titin they form a network that binds the myofibrils. Titin and 
nebulin account for about 15% of the myofibrillar proteins. Another protein, desmin is 
(Garret and Grisham, 1999, p. 557) 
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present between the Z disks of adjacent sarcomeres and functions as a connector 
between the sarcomeres (McCormick, 1994; Garret and Grisham, 1999; Stevens 
and Lowe, 1996). 
Muscle Contraction and Tenderness 
In figure 18 we can observe the mechanism for muscle contraction. Muscle 
contraction occurs when the myosin heads bind with the actin molecule (Figure 17) 
and tension of the muscle filaments take place. The energy for this process results 
from hydrolysis of ATP molecules by the myosin head when calcium is released 
from the sarcoplasmic reticulum. The calcium binds to troponin-C, which slides the 
tropomyosin-troponin unit, exposing the myosin binding sites in actin and allowing 
the union of actin and myosin to form an actin-myosin complex. By repeating this 
cycle several times, the muscle is able to contract. When the animal is alive, ATP's 
(energy source) are available for contraction, but what happens when the animal 
dies and the energy is depleted? When the animal is slaughtered, the muscles will 
start contracting, but after the energy is depleted, the muscle will stay in the 
contracted form, this process is known as rigor mortis. 
Tenderization or meat conditioning, is the process that takes places after rigor 
mortis starts. After the muscle has depleted all it's energy from ATP hydrolysis, 
G/yco//s/s starts taking place. Glycolisis is the process that converts the glycogen, 
the main energy reserve in muscle, to lactic acid by anaerob/c (no oxygen) glycolytic 
enzymes. The energy produced by this process is 2-3 mol of ATP's from each 
glucose molecule, but the problem is that this quantity of ATP is small when 
63 
Figure 18. Muscle Contraction 
Thin filament 
Thick filament 
Contraction 
Sliding filament model: thin filaments move doser 
to each other during contraction 
compared with the amount produced by respiration: 36-37 mol. Because of the 
limited amount of glycogen, the muscle is only able to continue the disassociation of 
actin-myosin for a short period of time. After all the glycogen has been depleted 
(normally after a couple of hours), enzymatic degradation of the muscle structure 
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takes place to achieve what is known as tenderization (McCormick, 1994; Vamam 
and Sutherland, 1995). 
An indication that tenderization is taking place can be seen by observing the 
Z disk. When troponin-T disappears and the degradation of desmin is set off, muscle 
structure degradation has begun, which means the muscle fibers start loosing their 
stiffness and tenderization takes place (McCormick, 1994; Vamam and Sutherland, 
1995). 
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Chapter 3. Effects of Low Intensity Power Ultrasound Treatment on 
Physical Properties of Longlssimus Beef Muscle 
A paper to be submitted to the Journal of Meat Science 
G. M. Gonzalez^, J. C. Cordray^, M. J. Daniels*, J. S. Dickson^, M. Mina®, R. E. 
Rust1, W. Nunez1, and T. A. Houser1 
Abstract 
This study was conducted to determine the effects of low intensity power ultrasound 
on properties of beef muscles. Ten pairs of loins from steer carcasses, USDA 
Choice, maturity A were obtained 24 hrs after slaughter for this study. Each loin was 
divided into at least 12 steaks and each steak was divided into 4 pieces, labeled, 
vacuum packed individually, and divided into groups: Day 1 and Day 7. Four 
treatments: control (no treatment), 1.5 W/cm2, 3 W/cm2, and 5 W/cm2 electrical 
intensity power levels were applied (at 20 kHz) for 1.5 minutes/side (3 minutes total 
time) under refrigerated conditions. Ultrasound treatments were applied using a 
direct probe commercial ultrasonic system. Cooking yields, shear force (Warner-
Bratzler), and ultrasonic power entering the samples were measured. In addition, 
microscopy and SDS PAGE tests were conducted on the samples. No difference in 
shear force was observed for day 1, however at day seven the 5 W/cm2 treatment 
required a lower force (P<0.05) to shear the sample. Histological cross-sectional 
samples for all treatments showed separation of the muscle bundles when 
compared with the control. SDS PAGE did not showed any difference between 
treatments. 
Keywords: ultrasound, shear force, power measurement, histology, SDS PAGE 
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Introduction 
In 1990, the National Beef Tenderness Survey was conducted at Texas A&M 
University. They found that, according to data obtained from shear force studies and 
sensory trained panels, a lack of tenderness was a problem in beef steaks (Morgan 
et al, 1991). Insufficient meat tenderness still remains one of the biggest problems 
with commercial beef cuts. The normal aging or conditioning process in beef can 
take up to 14 days at 5°C to achieve only about 80% tenderization (Vamam and 
Sutherland, 1995). 
Several studies have been conducted to explore various applications of 
ultrasonic cavitation in fresh and processed meats. The frequency range used was 
from 15kHz, up to 47 kHz. Acoustic cavitation takes place when sound waves are 
passed through a liquid medium and the liquid is pulled apart. However, in order to 
achieve the formation of cavities in this medium by applying sound, we need to apply 
very high intensity waves that are normally reached only at very high frequencies or 
in other words, ultrasonic frequencies (Shutilov, 1988). Zayas and Orlova (1970) 
studied the use of ultrasound to tenderize fresh meat in brine with positive results. 
Further, Zayas and Gorbatow (1978) continued this study using the same apparatus 
(a water tank, where the acoustic horn was bonded to the base of the tank). They 
were the first to use a direct probe approach for this kind of research. The apparatus 
operated at 19 kHz with an electrical power output of 1.5-3 W/cm2. The samples 
were treated for periods of 1 to 25 minutes under different conditions: brine and 
direct probe with/without gel or fat. They found that treatments of 3 to 5 minutes at 
these power levels achieved tenderization. Another research was conducted using 
the "direct probe" approach. Lyng et al (1998) sonicated steaks from the 
Longisummus thoracic and Semimembranosus beef muscles using a system 
operating at 20 kHz with an electrical power output of 62 W/cm2. The probe was 
placed over the steak between 50 to 70 times for 15 seconds/time in order to cover 
the entire steak, and the tests were conducted at 1, 3 and 14 days. However, no 
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effects on tenderization, or protein degradation were observed. Several more studies 
have been conducted with less than desirable results using what is known as 
"cleaning baths" by the chemical industry (Dickens et al, 1991; Lyng et al, 1997; 
Pohlman et al, 1997a; Pohlman et al, 1997b). 
The objective of this experiment was to evaluate the use of a commercial 
system set at a fixed frequency of 20 kHz to decrease the maturation (conditioning) 
time for meat tenderization by evaluating the shear force, microscopy and SDS 
PAGE of beef Long/ss/mus muscle. 
Materials and Methods 
Mafer/a/s 
Experimental Design 
Twenty Long/ss/mus dors/ muscles (LD) were obtained from ten steer 
carcasses, USDA Choice, maturity A supplied by PM Beef Group (PM Windom, 
Windom, MM) 24 hours after slaughter. The LD pairs were sliced into 25 mm steaks 
(at least 12 steaks were obtained/muscle). Each steak was divided into four pieces 
(approximately 50 mm x 50 mm) and each piece was individually packed under 
vacuum using Cryovac™ pouches (B620, Cryovac/Sealed Air Corporation, W. R. 
Grace & Co., Duncan, SC), labeled and identified. A total of 800 steak samples were 
used for this experiment. The samples were held and treated the following morning 
under refrigerated conditions (0±2°C). 
Ultrasound Treatment 
Steak samples were ultrasonicated on both sides at a frequency of 20 kHz ± 
500Hz under refrigeration (0°C ±2°C) using a MaXonics 6000 system connected to a 
TERFENOL-D® ultrasonic probe (ETREMA, Ames, IA). To avoid overheating the 
samples, the probe was placed in a cold-water bath between every ten treated 
samples for approximately two minutes. To keep the experiment consistent, a device 
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was put together using a commercial scale (BCS-80 briefcase scale, My Weigh, 
Phoenix, AZ) and a jack which helped to keep the same "pressure" on the samples 
during the experiment (1.36 ± 0.23 kg). 
The steak samples (four samples per steak, where the treatment was 
randomly selected for each of the four samples) were ultrasonicated for one and a 
half minutes per side (three minutes/total treatment time) in the following order: 
control (no treatment), 1.5 W/cm2, 3 W/cm2, and 5 W/cm2 electrical intensity power 
levels (in W/cm2). 
Intensity (I) = Power (watts)/Area (cm2) 
The samples were divided in two groups: day 1 and day 7, (400 
samples/day). After treatment, the samples were held under refrigeration until 
needed. 
Methods 
Cooking Yields 
The samples were subjected to the same heating treatment: water-cooked in 
a water-bath (Isotemp® Water Bath, Fisher Scientific, Pittsburgh, PA) at 75°C for 10 
minutes. The cooking conditions required to obtain a core temperature of 71 °C were 
determined beforehand by inserting copper-constantan thermocouples connected to 
a digital monitor (model DP25-K-MD55, Omega Engineering, Inc., Stamford, CT) 
and placed at the geometrical center of several vacuum packaged samples using 
Cryovac™ B620 pouches (Cryovac/Sealed Air Corporation, W. R. Grace & Co., 
Duncan, SC). 
Cooking yields were calculated by weighting the samples before cooking and 
after cooking, and were expressed as percentage. After cooking, the meat samples 
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were removed from the bag, drained, placed back inside the bag, and weighed. The 
formula used to calculate cooking yields was: 
Percentage Cooking Yields = (Final weight/Initial Weight) * 100 
Shear Force 
The shear force was measured at room temperature (25°C) the following day 
after cooking. Samples were cooked in their vacuum pouches and held under 
refrigeration (0±2°C) overnight. Two round cores (1,27cm) were taken from each 
sample parallel to the long axis of the muscle fibers for a total of 1,600 cores (AMSA 
1995). Shear force (Kg force) measurements were completed using a TA.XT2 
Texture Analyzer (Texture Technologies Corp., Scarsdale, NY) interfaced with a 
Gateway Pentium II computer (E-3200); a Warner Bratzler blade (TA-7, Texture 
Technologies Corp., Scarsdale, NY) with the usual triangle cutout shape was used. 
The settings for the machine are shown in Table 1. Each core was sheared once 
along the long axis. Results obtained from the test were then exported to Windows 
Excel 95 (Microsoft Company) for further analysis. 
Table 1. TA.XT2 Texture Analyzer Settings 
Pre-test speed 2 mm/s 
Test speed 3.3 mm/s 
Post-test speed 10 mm/s 
Rupture test distance 1.0 mm 
Distance 30.0 mm 
Force 3.0 kg 
Time 5s 
Count 5 
Trigger type Auto 
Trigger force 0.025 kg 
Load cell 5 kg 
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Ultrasonic Power Measurement (Temperature Measurement) 
Samples were packaged using the same Cryovac™ B620 pouches 
(Cryovac/Sealed Air Corporation, W. R. Grace & Co., Duncan, SC) but without 
applying vacuum. Temperature increments were recorded manually using three 
copper-constant thermocouples connected to a digital monitor (model DP25-K-
MD55, Omega Engineering, Inc., Stamford, CT). The first thermocouple was placed 
near the surface, the second was placed in the geometrical center of the sample, 
and the third was placed near the bottom of the sample. Also, the surface 
temperature on both sides was measured using a hand-held surface temperature 
probe. Temperatures were recorded at 30 seconds intervals: 0, 30, 60, and 90 
seconds. Surface temperature was measured at the beginning and the end of the 
test. At 90 seconds, the sample was turned over and the temperatures were 
recorded as the procedure was repeated. 
In order to measure the ultrasonic power entering the sample, the calorimetry 
method was used (Mason, 1991). The temperature (T) was recorded against time (t) 
and with the data obtained, the temperature rise (dT/dt) was calculated by 
constructing a tangent to the curve at t=0. With this value, the ultrasonic power was 
calculated using the following formula: 
Power = (dT/dt) Cp M 
Where "Cp" is the heat capacity (J/kg K) and "M" Is the sample mass (kg). Because 
this power (in watts) was introduced into the sample using a round tip probe (probe 
diameter = 7.62 cm), to calculate the intensity of power "I" produced by the 
ultrasonic system (in watts/cm2) the following formulas were used: 
Radius = 3.81 cm 
Area of probe (A) = p * r^ 
A = 3.1416 * (3.81 cm) : = 45.6 cnf 
Intensity (I) = power/area (A) 
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Microscopy 
For light microscopy (LM), meat samples after treatments were used for 
analysis. Tissues were collected and fixed with 10% neutral buffered formalin for 48 
hours at 4°C. Samples were rinsed in de-ionized water, and then dehydrated in a 
graded ethanol series, cleared with xylene, infiltrated, and embedded using 
Paraplast paraffin (Fisher Scientific, Pittsburgh, PA). Sections were made using an 
A/O 820 rotary microtome (Fisher Scientific, Pittsburgh, PA). Sections were cut 
cross-sectional at 7pm, collected onto slides, and stained with hematoxylin and 
eosin y. Digital images were collected using a Zeiss Axiocam HRC on a Zeiss 
AxioPlan II compound microscope (Carl Zeiss, Germany). 
Preparation of Myofibrils 
Steak samples for SDS PAGE were divided and aged as per shear force 
samples. Purified myofibrils used for analysis were isolated from raw frozen samples 
and were prepared according to the procedures of Huff-Lonergan et al (1996). A 4g 
sample was minced and homogenized for 10 seconds in a blender-mixer (PT 3100 
POLYTRON, KINEMATICA AG, Switzerland) in 10 volumes of a standard salt 
solution or SSS (100 mM potassium chloride, 20 mM potassium phosphate, 2 mM 
magnesium chloride, 1mM EGTA, 1mM sodium azide). The sample was centrifuged 
(SORVALL Legend RT, Kendro Laboratory Products, L.G., Germany) for 10 minutes 
at 1000 x g. The supernatant was decanted and the pellet was suspended in 6 
volumes of SSS, homogenized again for 10 seconds and centrifuged for 10 minutes 
at 1000 x g. The supernatant was decanted and the pellet was suspended twice in 8 
volumes of SSS, homogenized for 10 seconds, and centrifuged 10 minutes at 1000 
x g. After this step, the supernatant was decanted and the pellet was suspended 
twice in 6 volumes of SSS + 1% Triton solution, homogenized for 10 seconds and 
centrifuged for 10 minutes at 1500 x g, then the pellet was resuspended in 8 
volumes of SSS and centrifuged for 10 minutes at 1500 x g. After decanting the 
supernatant, the samples were suspended twice in 8 volumes of KCI (100mM), 
homogenized for 10 seconds and centrifuged for 10 minutes at 1500 x g. The 
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remaining KCI was decanted and the pellet was suspended twice in 10 volumes of 5 
mM Tris wash buffer (Tris-HCI, pH 8.0) and centrifuged for 10 minutes each time, 
first at 3020 x g and second at 3500 x g. Subsequent to centrifugation, the pellet was 
suspended in 4 volumes of T ris wash buffer for protein determination. Soluble 
protein concentration of the sample was determined by using the Lowry et al (1951) 
method using premixed reagents (Bio-Rad Laboratories, Hercules, Ca.). Samples for 
the SDS PAGE gels were adjusted to 4 mg/mL. One volume of each sample was 
combined with 0.5 volumes of sample/buffer tracking dye solution (3 mM EDTA, 3% 
[wt/vol] SDS, 30% [vol/vol] glycerol, 0.003% pyronin Y, and 30 mM Tris-HCL, pH 
8.0) and 0.1 vol of/?-mercaptoethanol. Samples were heated at 50°C for 20 min and 
then frozen at -80°C until analysis. 
Sodium Dodecyl Sulphate Polyacrylamlde Gel Electrophoresis (SDS PAGE) 
Two SDS-PAGE systems were used to detect changes in high and low 
molecular weight proteins. For the proteins with a low molecular weight, 15% 
polyacrylamide separating gels (acrylamide: bisacrylamide = 100:1 [wt/wt], 0.1% 
[wt/vol] SDS, 0.05% [wt/vol] ammonium persulfate, 0.375 M Tris-HCI, pH 8.0, and 
0.05% [vol/vol] N,N,N',N'-Tetramethylenediamine [TEMED]) were used with 5% 
polyacrylamide stacking gels (acrylamide: bisacrylamide = 100:1 [wt/wt], 0.1% 
[wt/vol] SDS, 0.075% [wt/vol] ammonium persulfate [APS], 125 mM Tris-HCI, pH 8.0, 
and 0.125% [vol/vol] N,N,N',N'-Tetramethylenediamine [TEMED]) to fractionate 
whole-muscle proteins. In the case of the high molecular weight proteins, 5% 
polyacrylamide separating gels were made from a 30% stock solution of acrylamide 
(acrylamide:N,N'-bis-methylene acrylamide = 100:1 [wt/wt]), 0.1% [wt/vol] SDS, 2 
mM EDTA, 0.1% [wt/vol] ammonium persulfate (APS), 0.375 M Tris-HCI, pH 8.0, 
and 0.67% [vol/vol] N,N,N',N'-Tetramethylenediamine [TEMED]) were used without 
stacking gels. The running buffer used for both gels in both the lower and upper 
chambers of the slab gel unit contained 25 mM T ris, 192 mM glycine, 2 mM EDTA, 
and 0.1% (wt/vol) SDS. 20 micrograms of the protein samples in tracking dye were 
loaded on gels; for the 15% gels, Sigma High Molecular Weight Standards were 
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loaded in each gel. Gels were run at room temperature on an Electrophoresis Power 
Supply - EPS300 system (Pharmacia Biotech, Sweden) at a constant voltage of 120 
V (30.5 m A/gel) for the 15% gels, and 24 V (10 mA/gel) for the 5% gels, until the 
tracking dye reached the bottom of the gels (around 24 hrs). Gels were stained for at 
least 24 hours in an excess of a solution containing 0.1% (wt/vol) Coomassie brilliant 
blue R-250, 40% (vol/vol) ethanol, and 7% glacial acetic acid. The gels were 
destained using the same solution but without the Coomassie brilliant blue R-250. 
Sfa#sf/ca/ Ana/ys/s 
The Statistical Analysis System (SAS, 2001) was used to compute the 
means, standard deviations and to fit analysis of variance (ANOVA) models (using 
PROC GLM). The level of statistical significance (p-value) was set to p <0.05. 
For shear force and cooking yield, the treatments (electrical intensity power 
levels) were used as the main effect. Because of the experimental design, the effect 
of day (one versus seven) was confounded by steak location along the Longissimus 
dors/ muscle. 
Results 
Cook/ng Yfe/cfs 
The cooking yields were compared based on electrical intensity power levels 
(Table 2 for day one and Table 3 for day 7). At day 1, the cooking yields were 
statistically significant (P< 0.05) between the control and the first level (1.5 W/cm2), 
and the first level (1.5 W/cm2) and level number four (5 W/cm2). However, the 
difference in cooking yield values was less than two percent (1.03%). At day 7, all of 
the treatments (1.5, 3 and 5 W/cm2) were statistically significant (P<0.05), but again 
the difference in cooking yield values was less than two percent (1.88%). 
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Table 2. Effects of Low Intensity Power Ultrasound Treatment on Cooking Yields 
and Shear Force of Longissimus Beef Muscle at Day 1 
Test Electrical Power Intensity (W/cm ) P-value SEM* 
0 1.5 3 5 
Cooking Yields (%) 78.75*° 77.72° 78.17** 78.63*= 0.01 0.25 
Shear Force (g) 
a-c » m _ . 
3,203.35" 3,219.13" 3,096.76" 3,206.53" 0.28 
..•.t.l.: :iu -j:£c i nc\ 
50.29 
Least square means within same row with different superscripts are different (P<0.05) 
6 Standard Error of the Mean 
Shear Force 
ANOVA results for shear force were measured at two different time intervals 
(day 1 and day 7). There were no significance differences (P<0.05) at day one, yet 
table 2 shows that the control was more tender than the treatments, except for the 3 
W/cm2 treatment. Ultrasonic treatments appear successful in improving meat 
tenderness over time as shown in table 3 for day 7. There was a significant 
difference (P<0.05) between the control, and the first treatment (1.5 W/cm2) vs. 
treatment number four (5 W/cm2), and the force needed to shear the samples was 
lower for the two last treatments (Table 3), especially for 5 W/cm2. 
U/frason/c Power Measurement (Temperature Measurement 
Steak samples were cooled to a temperature of 1±2°C before the ultrasonic 
treatment. The highest increase in temperature (Table 4) occurred at the 5 W/cm2 
level, with a 17°C rise during the treatment and the lowest increase was in the 1.5 
W/cm^ treatment with only a 7°C elevation. On the other hand, the intensity power 
levels calculated showed the opposite results; at the 1.5 W/cnf level, the Intensity 
calculated was the highest (1=1.32 W/cnf ), and at 5 W/cnf it was the lowest (1=0.74 
W/cnf). 
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Table 3. Effects of Low Intensity Power Ultrasound Treatment on Cooking Yields 
and Shear Force of Longisslmus Beef Muscle at Day 7 
Test Electrical Power Intensity (W/cnf) P-value SEM* 
Ô Ts 3 5 
Cooking Yields (%) 7877= 77.50™ 76.89™ 77.38™ <0.001 0^5" 
Shear Force (g) 2,689.10^ 2,690.55^ 2,618.69^ 2,499.99^ 0.001 38.17 
*"* Least square means within same row with different superscripts are different (P<0.05) 
8 Standard Error of the Mean 
M/croscopy 
Histological cross-sectional samples (Figure 1 ) showed differences between 
the control and the three treatments. All of the samples used were from day one 
and it was evident that the ultrasound treatment caused the separation of the muscle 
bundles. For this experiment, the first treatment (1.5 W/cnrf ) was enough to cause 
separation. No major differences were observed between the three power levels 
(1.5, 3 and 5 W/cnrf). 
Table 4. Ultrasonic Power Measurements and Temperature Increases 
Treatment Intensity 
(I, W/cm2) 
Temperature Increase (°C) 
First Side Second Side Final Core 
1.5 W/cm2 1.32 8 8 7 
3 W/cnf 0.94 11 12 12 
5 W/cnf 0.74 13 13 17 
SOS P4GE 
All SDS PAGE results for both days revealed no apparent difference between 
the treatments and the control. The 15% gels (Figure 2) revealed no apparent 
difference, the number of bands present were similar for both days (1 and 7). The 
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5% gels did show some difference in the high molecular weight proteins (Figure 3) at 
day 7, but not at day 1. 
Discussion 
The ultrasound treatment of 1.5, 3 and 5 W/cm2 were chosen based in the 
research of Zayas and Gorbatow (1978). They proposed that in order to tenderize 
meat, an intensity power level within the range of 1.5 to 3.0 at 19 kHz for about 3 to 
5 minutes was sufficient. They theorized that cavitation was the main reason causing 
this tenderization effect. Even though there were significance differences for cooking 
yields for both days (1 and 7), the total cooking yield differences were between 1 
and 2 percent in each treatment, which is a very small difference. Pohlman et al 
(1997a) reported a similar cooking yield difference between samples treated at 20 
KHz (1.1%), their cooking yields were lower (around 73%), but this was probably 
because of the cooking procedure (convection oven vs. water cooking). Other 
research conducted by Pohlman et al (1997b) at 20KHz (1.55 W/cnf) had the same 
results in cooking yield losses (about 2%). 
Longissimus dorsi muscle was chosen to avoid problems in shear force 
analysis by decreasing the amount of connective tissue present in the meat. At day 
one no significance difference (P<0.05) was shown. This is consistent with results 
obtained by Lyng et al (1998) and Pohlman et al (1997a and 1997b), where no 
significant difference was found for shear force after treatments. However, Dickens 
et ai (1991), Roberts (1991), Zayas and OMova (1970) and Zayas and Gorbatow 
(1978) reported that ultrasonic treatment was effective for tenderizing meat. In the 
case of this research, it wasn't until day 7 when softness of the tissue was observed, 
in particular for the 5 W/cm2 treatment (P0.05). It has been established long ago 
that meat conditioning will take place at low temperatures over time. In the case of 
beef it is necessary to keep the meat for at least 14 days at 5°C to obtain an 80% 
tenderization of the carcass (Vamam and Sutherland, 1995). 
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When ultrasound is applied to any liquid medium, part of the energy will be 
lost as heat. In the case of water, when ultrasound is applied to water, several 
chemical reactions will take place producing hydrogen and hydrogen peroxide, and 
these reactions will generate heat (AH=383 kJ/mol) (Mason, 1991). In our 
experiment we tried to calculate the amount of acoustic power entering the samples 
by using the calorimetry method. We noticed that the power entering the samples 
decreased as the electrical intensity power of the machine was increased, at 1.5 
W/cm2 the obtained value was 1.32 W/cm2 and at 5W/cm2 the value was 0.74W/cm2. 
This could be explained by the fact that ultrasonic cavitation produces high amounts 
of heat. At higher intensities, the amount of energy introduced into the system will be 
greater (Leighton, 1997) and the heat production will also be greater. The 
temperature rise between the treatments concur with the amount of power entering 
the samples, at lower intensity values (5 W/cm2) the increase in temperature was the 
highest. 
Histological cross-sectional samples showed evidence of separation of 
muscle fibers, but also showed no apparent difference between the three 
treatments. These results did not agree with Dickens et al (1991), who reported that 
ultrasound treatment did not caused a separation or distortion of the bundles, but 
direct comparison is not possible because they worked with different ultrasonic 
conditions and used poultry instead of beef. 
The results for SDS PAGE were similar to those reported by Lyng et al 
(1998), where no difference was observed. The 5% gels on day 7 showed some 
degradation of titin. Titin is part of the group of high molecular weight proteins, and is 
normally found at the top of the 5% gels as two bands: Ti (top band) and T2 (second 
band), where T1 is intact titin and T2 is a degradation product of T, (Huff, 1991). 
Lusby (1983) reported that during the conditioning of meat, titin will tend to 
disappear. 
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Conclusions 
In conclusion, while low ultrasonic treatment at 20 kHz for three minutes for 1.5, 3, 
and 5 W/cm2 intensity power output was not enough to delivere an immediate 
tenderization effect, it is possible that ultrasonic cavitation was able to speed the 
maturation process. Because of the potential benefits of this technology and since 
the results from this experiment showed a positive outcome, more research is 
needed using different power levels and times of exposure. 
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Figure 1. Histological Cross-Sectional Samples of Long/ss/mus Beef Muscle Post-
Treatment. 
Control 1.5 w/cm 
3 w/cm 2 5 w/cm 2 
88 
Figure 2. Fifteen Percent Gels of Myofibrils Prepared at Two Different Times Post-Treatment. (1-2) Control, 
(3-4) 1.5 W/cm2, (5-6) 3 W/cm2, and (7-8) 5 W/cm2 MHC=Myosin Heavy Chain. TnT= Troponin T 
Day 1 Day 7 
_ u .1'* ^ 
210000 44 MHC—— 
30,000 
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 
3.203 3 219 3.096 3.206 M—Shear Force (kg)—•- 2.689 2.690 2.618 2.500 
Figure 3. Five Percent Gels of Myofibrils Prepared at Two Different Times Post-Treatment. (1-2) Control, 
(3-4) 1.5 W/cm2, (5-6) 3 W/cm2, and (7-8) 5 W/cm2. Intact Titin. \ - Degraded Titin 
Myosin 
m._ :: : :v 
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 
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Chapter 4. Effects of High Intensity Power Ultrasound 
Treatment on Physical Properties of Longlssimus Beef 
Muscle 
A paper to be submitted to the Journal of Meat Science 
G. M. GonzAlez^, J. C. Cordray^, M. J. Daniels*, J. S. Dickson '^^ , M. Mina°, R. E. 
Rust1, W. Nunez1, and T. A. Houser1 
Abstract 
Ten loin pairs from steer carcasses, USDA Choice, maturity A were obtained 24 Mrs 
after slaughter for this study. Each loin was divided into at least 12 steaks and each 
steak was divided into 4 pieces, labeled, vacuum packed individually, and divided 
into groups: Day 1 and Day 7. Four treatments: control (no treatment), 20 W/cm2, 40 
W/cm2, and 50 W/cm2 electrical intensity power levels were applied (at 20 kHz) for 
45 seconds/side (1.5 minutes total time) under refrigerated conditions. Ultrasound 
treatments were applied using a direct probe commercial ultrasonic system. Cooking 
yields, shear force (Warner-Bratzler), and ultrasonic power entering the samples 
was measured. In addition, microscopy and SDS PAGE (5 and 15% gels) tests were 
conducted on the samples. Shear force values for day 1 were not significant, but 
showed a tendency toward lower shear values for the treated samples. At day 7, the 
shear force values were significant for the 40 W/cm2 treatment. The histological 
samples showed an evident separation of the muscle fibers. 5% gels indicated a 
possible degradation of titin at day 7. 
Keywords: high intensity ultrasound, shear force, power measurement, histology, 
SDS PAGE 
1 Department of Animal Science, Iowa State University, Ames, IA 50011 
2 Primary researcher and author 
3 Author for correspondence 
4 Department of Statistics, University of Florida, Gainesville, FL 32611 
5 Department of Microbiology, Iowa State University, Ames, IA 50011 
6 Department of Electrical and Computer Engineering, Iowa State University, Ames, IA 50011 
90 
Introduction 
Ultrasound can be defined as a mechanical vibration above the audible sound 
spectrum (18 kHz and higher). It is divided into three main areas: (1) power 
ultrasound (low frequency, high power ultrasound; 18 kHz to 100 kHz), (2) extended 
power ultrasound (high frequency, medium power ultrasound; 100 kHz up to 1 MHz), 
and (3) medical and diagnostic ultrasound (high frequency, low power ultrasound; 2 
MHz to 10 MHz) (European Society of Sonochemistry, 2001; Mason, 1998). 
Ultrasound continues up to 1 GHz, where the area called hypersonic starts (Cheeke, 
2002). Power ultrasound (or high power ultrasound, as it is called) is important 
because cay#af/on (creation and destruction of bubbles) takes place at these 
frequencies with less effort than at higher frequencies (above 100 kHz). Acoustic 
cavitation takes place when sound waves pass through a liquid medium and the 
liquid is pulled apart. However, in order to achieve the formation of cavities in this 
medium through sound, it is necessary to apply very high intensity waves that are 
normally reached only at very high frequencies or in other words, ultrasonic 
frequencies (Shutilov, 1988). 
In 1990, the National Beef Tenderness Survey was conducted at Texas A&M 
University. They found that according to data obtained from shear force studies and 
sensory trained panels, a lack of tenderness was a problem in beef steaks (Morgan 
et al, 1991). Meat tenderness remains one of the biggest problems with commercial 
beef cuts. Several studies have been conducted to explore the application of 
ultrasonic cavitation for tenderization of fresh meats, and the frequency ranges used 
were from 15kHz to 47 kHz. Zayas and Orlova (1970) studied the use of ultrasound 
to tenderize fresh meat in brine with positive results. Zayas and Gorbatow (1978) 
continued this study using the same apparatus (a water tank, where the acoustic 
horn was bonded to the base of the tank). They were the first to use a direct probe 
approach for this kind of research; the apparatus operated at 19 kHz with an 
electrical power output of 1.5-3 W/cm2. The samples were treated for periods of 1 to 
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25 minutes under different conditions: brine and direct probe with/without gel or fat. 
They found that treatments of 3 to 5 minutes at these power levels achieved 
tenderization. Research was conducted using the "direct probe" approach. Lyng et al 
(1998) sonicated steaks from the Longissimus thoracic and Semimembranosus beef 
muscles using a system operating at 20 kHz with an electrical power output of 62 
W/cnf. The probe was placed over the steak between 50 and 70 times for 15 
seconds/time in order to cover the steak, and the tests were conducted at 1, 3 and 
14 days. However, no effects on tenderization, or protein degradation were 
observed. Several more studies have been conducted with less than desirable 
results using what is known as "cleaning baths" by the chemical industry (Dickens et 
al, 1991; Lyng et al, 1997; Pohlman et al, 1997a; Pohlman et al, 1997b). 
The objective of this experiment was to evaluate the use of a commercial 
system set at a fixed frequency of 20 kHz for meat tenderization by evaluating the 
shear force, microscopy and SDS page of beef Longissimus muscle. 
Materials and Methods 
Mafer/a/s 
Experimental Design 
Twenty Longissimus dorsi muscles (LD) were obtained from ten steer 
carcasses, USDA Choice, maturity A supplied by PM Beef Group (PM Windom, 
Windom, MM) 24 hours after slaughter. The LD pairs were sliced into 25 mm steaks 
(at least 12 steaks were obtained/muscle). Each steak was divided in four pieces 
(approximately 50 mm x 50 mm) and each piece was individually packed under 
vacuum using Cryovac™ pouches (B620, Cryovac/Sealed Air Corporation, W. R. 
Grace & Co., Duncan, SC), labeled and identified. The samples were held and 
treated the following morning under refrigerated conditions (0±2°C). 
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Ultrasound Treatment 
Steak samples were ultrasonicated on both sides at a frequency of 20 kHz ± 
500Hz under refrigeration (0°C ±2°C) using a MaXonics 6000 system connected to a 
TERFENOL-D® ultrasonic probe (ETREMA, Ames, IA). To avoid overheating the 
samples, the probe was placed in a cold-water bath between every ten treated 
samples for approximately two minutes. To keep the experiment consistent, a device 
was put together by using a commercial scale (BCS-80 briefcase scale, My Weigh, 
Phoenix, AZ) and a jack which helped to keep the same "pressure" on the samples 
during the experiment (1.36 ± 0.23 kg). 
The steak samples (four samples per steak, where the treatment was 
randomly selected) were ultrasonicated for one and a half minutes per side (three 
minutes/total treatment time) in the following order: control (no treatment), 20 W/cm2, 
40 W/cm2, and 50 W/cm2 electrical intensity power levels (in W/cm2). 
Intensity (I) = Power (watts)ZArea (cm2) 
Methods 
Cooking Yields 
The samples were subjected to the same heating treatment: water-cooked in a 
water-bath (Isotemp® Water Bath, Fisher Scientific, Pittsburgh, PA) at 75°C for 10 
minutes. The cooking conditions required to obtain a core temperature of 71°C were 
determined beforehand by inserting copper-constantan thermocouples connected to 
a digital monitor (model DP25-K-MD55, Omega Engineering, Inc., Stamford, CT) 
and placed at the geometrical center of several vacuum packaged samples using 
Cryovac™ B620 pouches (Cryovac/Sealed Air Corporation, W. R. Grace & Co., 
Duncan, SC). 
Cooking yields were calculated by weighting the samples before cooking and 
after cooking, and were expressed as percentage. After cooking, the meat samples 
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were removed from the bag, drained, placed back inside the bag, and weighed. The 
formula used to calculate cooking yields was: 
Percentage Cooking Yields = (Final weight/Initial Weight) * 100 
Shear Force 
The shear force was measured on samples at room temperature (25°C) the 
following day after cooking. Samples were cooked in their vacuum pouches and held 
under refrigeration (0±2°C) overnight. Two round cores (1.27cm) were taken from 
each sample parallel to the long axis of the muscle fibers. Shear force (Kg force) 
measurements were completed using a TA.XT2 Texture Analyzer (Texture 
Technologies Corp., Scarsdale, NY) interfaced with a Gateway Pentium II computer 
(E-3200); a Warner Bratzler blade (TA-7, Texture Technologies Corp., Scarsdale, 
NY) with the usual triangle cutout shape. The settings for the machine are shown in 
Table 1. Each core was sheared once along the long axis. Results obtained from the 
test were then exported to Windows Excel 95 (Microsoft Company) for further 
analysis. 
Table 1. TA.XT2 Texture Analyzer Settings 
Pre-test speed 2 mm/s 
Test speed 3.3 mm/s 
Post-test speed 10 mm/s 
Rupture test distance 1.0 mm 
Distance 30.0 mm 
Force 3.0 kg 
Time 5s 
Count 5 
Trigger type Auto 
Trigger force 0.025 kg 
Load cell 5 kg 
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Ultrasonic Power Measurement (Temperature Measurement) 
Samples were packaged using the same Cryovac™ B620 pouches 
(Cryovac/Sealed Air Corporation, W. R. Grace & Co., Duncan, SC) but without 
applying vacuum. Temperature increments were recorded manually using three 
copper-constantan thermocouples connected to a digital monitor (model DP25-K-
MD55, Omega Engineering, Inc., Stamford, CT). The first thermocouple was placed 
near the surface, the second was placed in the geometrical center of the sample, 
and the third was placed near the bottom of the sample. Also, the surface 
temperature on both sides was measured using a hand-held surface temperature 
probe. Temperatures were recorded at 15 seconds intervals: 0,15, 30, and 45 
seconds. Surface temperature was measured at the beginning and end of the test. 
At 45 seconds, the sample was turned over and the temperatures were recorded as 
the procedure was repeated. 
In order to measure the ultrasonic power entering the sample, the calorimetry 
method was used (Mason, 1991). The temperature (T) was recorded against time (t) 
and with the data obtained, the temperature rise (dT/dt) was calculated by 
constructing a tangent to the curve at t=0. With this value, the ultrasonic power was 
calculated using the following formula: 
Power = (dT/dt) Cp M 
Where "Cp" is the heat capacity (J/kg K) and "M" is the sample mass (kg). Because 
this power (in watts) was introduced into the sample using a round tip probe (probe 
diameter = 4.9 cm), to calculate the intensity of power "I" produced by the ultrasonic 
system (in watts/cm2) the following formulas were used: 
Radius = 2.45 cm 
Area of probe (A) = rr * 
A = 3.1416* (2.45 cm)= = 18.86 cnf 
Intensity (I) = power/area (A) 
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Microscopy 
For light microscopy (LM), meat samples after treatments were used for 
analysis. Tissues were collected and fixed with 10% neutral buffered formalin for 48 
hours at 4°C. Samples were rinsed in de-ionized water, and then dehydrated in a 
graded ethanol series, cleared with xylene, infiltrated, and embedded using 
Paraplast paraffin (Fisher Scientific, Pittsburgh, PA). Sections were made using an 
A/O 820 rotary microtome (Fisher Scientific, Pittsburgh, PA). Sections were cut 
cross-sectional at 7pm, collected onto slides, and stained with hematoxylin and 
eosin y. Digital Images were collected using a Zeiss Axiocam HRC on a Zeiss 
AxioPlan II compound microscope (Carl Zeiss, Germany). 
Preparation of Myofibrils 
Steak samples for SDS PAGE were divided and aged as per shear force 
samples. Purified myofibrils used for analysis were isolated from raw frozen samples 
and were prepared according to the procedures of Huff-Lonergan et al (1996). A 4g 
sample was minced and homogenized for 10 seconds in a blender-mixer (PT 3100 
POLYTRON, KINEMATICA AG, Switzerland) in 10 volumes of a standard salt 
solution or SSS (100 mM potassium chloride, 20 mM potassium phosphate, 2 mM 
magnesium chloride, 1mM EGTA, 1mM sodium azide). The sample was centrifuged 
(SORVALL Legend RT, Kendro Laboratory Products, L.G., Germany) for 10 minutes 
at 1000 x g. The supernatant was decanted and the pellet was suspended in 6 
volumes of SSS, homogenized again for 10 seconds and centrifuged for 10 minutes 
at 1000 x g. The supernatant was decanted and the pellet was suspended twice in 8 
volumes of SSS, homogenized for 10 seconds, and centrifuged 10 minutes at 1000 
x g. After this step, the supernatant was decanted and the pellet was suspended 
twice in 6 volumes of SSS + 1% Triton solution, homogenized for 10 seconds and 
centrifuged for 10 minutes at 1500 x g, then the pellet was resuspended in 8 
volumes of SSS and centrifuged for 10 minutes at 1500 x g. After decanting the 
supernatant, the samples were suspended twice in 8 volumes of KCI (100mM), 
homogenized for 10 seconds and centrifuged for 10 minutes at 1500 x g. The 
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remaining KCI was decanted and the pellet was suspended twice in 10 volumes of 5 
mM Tris wash buffer (Tris-HCI, pH 8.0) and centrifuged for 10 minutes each time, 
first at 3020 x g and second at 3500 x g. Subsequent to centrifugation, the pellet was 
suspended in 4 volumes of T ris wash buffer for protein determination. Soluble 
protein concentration of the sample was determined by using the Lowry et al (1951 ) 
method using premixed reagents (Bio-Rad Laboratories, Hercules, Ca). Samples for 
the SDS PAGE gels were adjusted to 4 mg/mL. One volume of each sample was 
combined with 0.5 volumes of sample/buffer tracking dye solution (3 mM EDTA, 3% 
[wt/vol] SDS, 30% [vol/vol] glycerol, 0.003% pyronin Y, and 30 mM Tris-HCL, pH 
8.0) and 0.1 vol of /?-mercaptoethanol. Samples were heated at 50°C for 20 min and 
then frozen at -80°C until analysis. 
Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS PAGE) 
Two SDS-PAGE systems were used to detect changes in high and low 
molecular weight proteins. For the proteins with a low molecular weight, 15% 
polyacrylamide separating gels (acrylamide: bisacrylamide = 100:1 [wt/wt], 0.1% 
[wt/vol] SDS, 0.05% [wt/vol] ammonium persulfate, 0.375 M Tris-HCI, pH 8.0, and 
0.05% [vol/vol] N,N,N',N'-Tetramethylenediamine [TEMED]) were used with 5% 
polyacrylamide stacking gels (acrylamide:bisacrylamide = 100:1 [wt/wt], 0.1% 
[wt/vol] SDS, 0.075% [wt/vol] ammonium persulfate [APS], 125 mM Tris-HCI, pH 8.0, 
and 0.125% [vol/vol] N,N,N',N'-Tetramethylenediamine [TEMED]) to fractionate 
whole-muscle proteins. In the case of the high molecular weight proteins, 5% 
polyacrylamide separating gels were made from a 30% stock solution of acrylamide 
(acrylamide:N,N'-bis-methylene acrylamide = 100:1 [wt/wt]), 0.1% [wt/vol] SDS, 2 
mM EDTA, 0.1% [wt/vol] ammonium persulfate (APS), 0.375 M Tris-HCI, pH 8.0, 
and 0.67% [vol/vol] N,N,N',N'-Tetramethylenediamine [TEMED]) were used without 
stacking gels. The running buffer used for both gels in both the lower and upper 
chambers of the slab gel unit contained 25 mM Tris, 192 mM glycine, 2 mM EDTA, 
and 0.1% (wt/vol) SDS. 20 micrograms of the protein samples in tracking dye were 
loaded on gels; for the 15% gels, Sigma High Molecular Weight Standards were 
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loaded in each gel. Gels were run at room temperature on a Hoefer SE260 system 
{Amersham Pharmacia Biotech, Piscataway, N.J.) at a constant voltage of 120 V 
(30.5 mA/gel) for the 15% gels, and 24 V (10 mA/gel) for the 5% gels, until the 
tracking dye reached the bottom of the gels (around 24 hrs). Gels were stained for at 
least 24 hours in an excess of a solution containing 0.1% (wt/vol) Coomassie brilliant 
blue R-250, 40% (vol/vol) ethanol, and 7% glacial acetic acid. The gels were 
destained using the same solution but without the Coomassie brilliant blue R-250. 
Sfaf/sf/ca/ Anafys/s 
The Statistical Analysis System (SAS, 2001) was used to compute the 
means, standard deviations and to fit analysis of variance (ANOVA) models (using 
PROC GLM). The level of statistical significance (p-vaiue) was set to p <0.05. 
For shear force and cooking yield, the treatments (electrical intensity power 
levels) were used as the main effect. Because of the experimental design, the effect 
of day (one versus seven) was confounded by steak location along the Long/ss/mus 
dors/ muscle. 
Results and Discussion 
Table 2 shows the cooking yields and shear force for day one, and table 3 
shows the results for day 7. At day one, the cooking yield results for the control, 20 
W/cm2, and 40 W/cm2 were significant (P<0.05) compared to the 50 W/cm2 
treatment (82.04%), however the difference was less than 2%, which when 
considering the cooking method, is a very small difference. For day 7, the cooking 
yields were not significant. Boles and Swan (2002) conducted an experiment to 
determine how different heating methods affect the processing characteristics of 
vacuum packed beef Sem/membranosus muscle. They reported a cooking yield of 
84.5% using a water cooking method and a final internal temperature of 80°C. 
Research conducted by Pohlman et al (1997c) reported a cooking yield of 85.3% 
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when an ultrasonic water cooking system was used to cook vacuum packed 
samples to an internal temperature of 62°C. In our case, the internal temperature 
reached was 71 °C, close to the temperature reported in those experiments. 
Table 2. Effects of High Intensity Power Ultrasound Treatment on Cooking Yields 
and Shear Force of Longissimus Beef Muscle at Day 1 
Test Electrical Power Intensity (W/cm2) P-value SEM» 
0 20 40 50 
Cooking Yields (%) 81.49** 81.74=* 80.98™ 82.95° <0.0001 0.27 
Shear Force (g) 
S<Ti i 
2,447.03" 2,455.01" 2,321.86" 2,336.00" 0.052 44.06 
a
" Least square means within same row with different superscripts are different (P<0.05) 
8 Standard Error of the Mean 
Shear force values for day 1 (Table 2) showed no significance between 
treatments, but the trend showed lower shear values for the treated samples when 
compared to the control. At day 7, there was a significant difference (P<0.05) for the 
40 W/cm2 treatment compared to the control and the 20 W/cm2 treatment. A peculiar 
unexpected finding was that for both treatment days, the 40 W/cm2 treatment had 
the lowest shear values, but because of the experimental design, no comparison 
was possible. A secondary effect of power ultrasonic waves is the production of 
cavitation (formation/destruction of bubbles), which in theory releases enormous 
amounts of energy in the form of heat and pressure. It has been theorized by several 
authors (Dickens et al, 1991; Zayas and Orlova, 1970; and Zayas and Gorbatow, 
1978) that cavitation induces changes in the meat structure, which could explain 
some of these reductions in shear values. 
Energy considerations are important when trying to demonstrate the efficacy 
of a power ultrasonic treatment (Lôning et al, 2002). For this reason we tried to 
calculate the amount power introduced into the samples by using the calorimetry 
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Table 3. Effects of High Intensity Power Ultrasound Treatment on Cooking Yields 
and Shear Force of Longissimus Beef Muscle at Day 7 
Test Electrical Power Intensity (W/cm2) P-value SEW» 
0 20 40 50 
Cooking Yields (%) 85.25" 85.43" 85.87" 85.67" 0.75 0.33 
Shear Force (g) 2,388.39"*" 2,396.76*"" 2,157.25*' 2,240.50abcd <0.0001 43.70 
a
" Least square means within same row with different superscripts are different (P<0.05) 
e Standard Error of the Mean 
method described by Mason (1991). The results for the ultrasonic power 
measurements were interesting. The 20 W/cm2 treatment had the lowest intensity 
value at 0.97 W/cm2, and the highest was found in the 40 W/cm2 treatment with 2.10 
W/cm2 value, the results from table 4 shows how the 40 W/cm2 treatment had the 
highest temperature increase. A reason for these findings could be that at 20 W/cm2 
the energy wasn't sufficient to produce enough cavitation, and with this, induce 
changes in meat, and at 50 W/cm2 some sort of barrier is created and the energy is 
not able to enter the sample. The problem with the calorimetry method is that part of 
the energy introduced into the system is lost in the way of heat, which is what is 
measured with this method. Nevertheless, the results are a good approximation of 
the amount of energy introduced. Ultrasound transmission in muscle depends on 
factors like frequency, intensity, temperature and moisture content (Solntseva et al, 
1987; Yevelev, 1989). It also depends on cavitation, which is produced when power 
ultrasound is applied. This will create high amounts of heat, that raises the 
temperature (Leighton, 1997). Table 4 also shows the temperature increase for the 
three treatments. The 40 W/cm2 treatment has the highest final core temperature 
increase (11°C), which coincides with the ultrasonic power measurement where the 
same treatment had the highest value. 
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Table 4. Ultrasonic Power Measurements and Temperature Increases 
Treatment Intensity 
(I, W/cm2) 
Temperature Increase (°C) 
First Side Second Side Final Core 
20 W/cnf 0.97 20 16 4 
40 W/cnf 2.10 26 17 11 
50 W/cnf 1.46 34 28 8 
Histological cross-section samples (Figure 1 ) showed evidence of separation 
of muscle bundles for all treatments when compared with the control. Separation 
was most evident in the 40 W/cm2 treatment. These results did not agree with 
Dickens et al (1991), who reported that ultrasound treatment did not cause a 
separation or distortion of the bundles, but direct comparison is not possible 
because they used different ultrasonic conditions and also used poultry instead of 
beef. However, ultrasound has been known to induce ultrastructural modifications on 
muscle (Got et al, 1999, Zayas and Gorbatow, 1978). 
The results seen in the 15% gels (Figure 2) for both days were similar to 
results reported by Lyng et al (1998) where no differences were observed. The 5% 
gels (Figure 3) at day 1 did not show any obvious differences, but the gels for day 7 
showed a possible degradation of titin (Figure 3: Ti and T2). Lusby (1983) reported 
that during the conditioning of meat, titin will tend to disappear. Huff-Lonergan et al 
(1995) supports this concept, by declaring "that degradation of key structural 
myofibrillar proteins (like titin) is related to postmortem tenderization of beef." 
CONCLUSIONS 
In conclusion, although the high-intensity power ultrasound treatments could 
be used to improve meat tenderization, more studies are necessary in order to 
understand how ultrasonic waves and cavitation affects the muscle tissue. Because 
meat tenderness concerns continue to be the most important factor for consumers, 
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new ways of achieving tenderization are necessary. Ultrasound and ultrasonic 
cavitation are still a feasible technology to achieve this purpose. More research is 
also needed to explain how the ultrasonic system delivers energy into the samples, 
as well as to improve the efficiency of the energy reaching the samples through the 
ultrasonic probe. 
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Figure 1. Histological Cross-Sectional Samples of Longissimus Beef Muscle Post-
Treatment. 
20 w/cm Control 
40 w/cm 50 w/cm 
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Figure 2 Fifteen Percent Gels of Myofibrils Prepared at Two Different Times Post-Treatment. (1-2) Control, 
(3-4) 20 W/cm , (5-6) 40 W/cm2 , and (7-8) 50 W/cnri2. MHC=Myosin Heavy Chain. TnT= Troponin T 
Day 1 
210 000 
Day 7 
-Titin 
MHC 
mm ## i§§ 
30 000 
-Actin 
-< TnT 
1 2 3 4 5 6 7 8 
2.447 2.455 2.321 2.336-4—Shear Force (kg)-
1 2 3 4 5 6 7 8 
• 2.388 2.397 2.157 2.240 
Figure 3. Five Percent Gels of Myofibrils Prepared at Two Different Times Post-Treatment. (1 -2) Control, 
(3-4) 20 W/cm2, (5-6) 40 W/cm2, and (7-8) 50 W/cm2. T^lntact Titin. T2 = Degraded Titin 
Myosin 
1 2 3 4 5 6 7 8  1 2 3 4 5 6 7 8  
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Chapter 5. Microbiological Effects of Ultrasound in IVIeats 
Introduction 
The purpose of this chapter is to give an introduction to the potential uses of 
power ultrasound for microbial control. Two experiments were planned to evaluate 
the effects of power ultrasound at 20kHz and at different intensity levels on 
microorganisms, unfortunately we didn't receive the funds to run the experiments. 
There is recorded evidence that microbial contamination of food has been a 
problem since the beginning of time. In 900 A.D. Emperor Leo VI of Byzantium 
declared it was illegal to produce and sell blood sausage because of the fear of 
botulism (Hartman, 1997). In 1820, the German poet Justinus Kemer described how 
people got sick (probably from botulism) by eating sausage (Hartman, 1997; Jay, 
2000). 
Several methods exist for microbial control, involving temperature 
(heating/chilling) and/or pressure changes, as well as adding antimicrobial products. 
Ultrasound or to be more exact, ultrasonic cavitation has the potential for reducing 
the number of bacteria present in meat products by causing cellular wall disruption. 
This disruption can result in cellular dehydration and death and DNA damage (Floras 
and Liang, 1994; Hughes and Nyborg, 1962). 
These properties of ultrasound were discovered by accident when, after the 
sinking of the Titanic in 1912, new methods for iceberg detection were developed. 
One of the methods used was ultrasound, in the form of SONAR (Sound Navigation 
and Ranging). During the First World War, the use of SONAR was in great demand 
to detect not only icebergs, but also German U-boats or submarines (Cheeke, 2002). 
During the developing and testing of the SONAR system, they discovered that sound 
waves were able to kill fish. Apparently the fish were cooked after being hit by 
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ultrasound. As a result, new research began based on the use of ultrasound on 
biological systems (Earnshaw, 1998). 
Acoustic Cavitation Mechanism of Cell Damage 
Several theories exist that attempt to explain the mechanism of cell damage 
and the most accepted one deals with ultrasonic cavitation. Acoustical cavitation 
can be defined as the production of bubbles when acoustic pressure is applied to a 
liquid medium. The molecules of this medium are then separated allowing dissolved 
gas to enter and form a bubble. 
Two types of cavitation exist: transient (inertial) and stable (non-inertial). 
Bubbles created from these two types of cavitation will undergo rarefaction 
(expansion of the bubble) and compression (reduction of the bubble) cycle changes 
when the ultrasound waves pass through them, but the fate of the bubble can differ. 
In transient cavitation, the bubble will grow in volume after one or more 
cycles until a critical size is achieved then, the bubble will implode on itself. There 
are three common theories of what happens after the collapse of the bubble: the 
electrical, the hot spot, and the plasma theory. The most common theory is that a 
"hot-spot" will be formed and this "point" could reach temperatures of up to 5000°K 
(8500°F) and pressures of several hundreds atmospheres for a duration of 
microseconds. Then the cycle starts again (Suslick, 1989). As a result of these 
conditions there is bond dissociation in the molecules creating free radicals, which 
can cause changes in the cell. Another effect of transient cavitation happens during 
bubble collapse. If the bubble is near a solid surface a jet stream is formed that will 
hit that surface. In addition, after the implosion, the bubble rebound creates a 
pressure pulse that can cause some damage. 
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In stable cavitation, the bubble will be formed and its size will enter a cycle of 
stable growth and collapse (without exploding). This type of cavitation is considered 
a low energy type, but it can produce effects like microstreaming, meaning the 
formation of a flow around the oscillating bubble. If the flow speed is large enough, 
shear stress can be produced when a surface is near. In the case of cells, this 
microstreaming will "crack" the membrane surface, causing lost fluids. It's possible 
that cells can regenerate the membrane walls, but the process still is not understood 
(Frizzell, 1988; Kinsloe et al., 1954; Mason, 1991; Leighton, 1997; Shah et al, 1999; 
Scherba et al., 1991; Suslick, 1989). 
Four factors need to come into place to produce cavitation: (1 ) a liquid 
medium; (2) a nuc/e; (a contaminant agent present on the liquid phase) needs to be 
present to initiate the formation of bubbles; (3) a gas or gases dissolved in the liquid 
phase, which as soon the cavity is formed will enter and help the bubble to grow in 
size; (4) a pressure force big enough to pull apart the molecules of the liquid medium 
in order to create the bubbles/cavities (Frizzell, 1988). In the case of biological 
systems, all these factors are met. Enough impurities are present in all biological 
systems to act as nuclei and to allow bubble formation; also enough gas or gases 
are dissolved between the biological tissue to help with bubble formation and 
growth. 
According to Leighton (1997), we need to keep in mind that both terms 
represent two models of cavitation and that several types of bubbles do not fit in 
either model. When a bubble starts to take on properties of the other type of 
cavitation, we say that the bubble is in a state known as a threshold. A threshold can 
be defined as the moment when the bubble changes from stable to transient 
cavitation or vice versa. Several factors affect the cavitation threshold, probably the 
most important one is the type and amount of gas dissolved in the liquid medium; 
temperature also can affect the bubbles behavior. When the temperature starts to 
rise bubble formation is increased, but the energy released during implosion will be 
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less than when the liquid medium reaches its boiling point. Another important factor 
as we mentioned earlier, is the amount of impurities present in the liquid medium. At 
a higher concentration of impurities, the larger the number of bubbles formed. Some 
other factors affecting cavitation are the density of the material, the viscosity of the 
liquid medium, the diffusion constant and surface tension of the liquid. In addition the 
vapor pressure, expansivity, specific heat, any external pressure and external 
temperature will affect cavitation, but it is probably the acoustic variables (acoustic 
pressure, frequency and intensity) that are the most important ones. 
According to Suslick (1989), the ultrasonic frequency plays one of the most 
important roles in bubble formation. He said that at a lower frequency, the bubble 
will be bigger and the energy released will be greater than at a higher frequency 
where the bubble and energy released will be smaller. Now, all of this indicates how 
important it is to control conditions during sonication. 
Many experiments have been conducted studying how ultrasound affects the 
biological model and tissues. In a great majority of them, cavitation has been 
responsible for the results. Some of the mediums used in these experiments were: 
protein suspensions, inoculated liquid media with bacteria, and cells in different 
media. But only a small amount of research has been conducted on tissues. The 
bactericidal effect of ultrasound is not new. In 1932 Harvey and Loomis (Sala et al., 
1995) proposed a mechanism for ultrasonic disruption of cells. In this mechanism 
their hypothesis was that high currents caused the disruption of cells, and these 
currents were generated during sonication. Many researchers share this hypothesis, 
but now almost all researchers agree that cavitation is mainly responsible for the 
lethal effect of ultrasound (Sala et al., 1995). The problem in the past was that the 
equipment available wasn't powerful enough to produce good results outside of a 
laboratory. The great majority of the studies were conducted using sonication baths 
with piezoelectric generators of quartz submerged in the medium (this type of 
equipment generated high frequency waves but very low intensities). Today different 
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types of materials such as crystals of zirconate titanate or Terfenol-D, which are 
more efficient in delivering the ultrasonic energy and have replaced the quartz 
generator. 
The biggest problem with all the research conducted in liquid medium is that it 
does not represent what would happen in a food item, like meat. Any food item is 
composed of several different components: fat, protein, ash, and mainly water. 
Ultrasonic waves passing through liquid medium will lose part of their energy by 
generating heat, and also some of the energy will be lost to the walls of the tank. 
In theory, direct probe ultrasonic systems will deliver more energy directly into 
the sample because no energy will be lost in the medium. In the case of meat, 
around 70% is water, so in theory cavitation will be easy to produce inside of 
muscles. In the case of bacterial cells the same scenario exists because a great 
percentage of these cells are also water. The problem with bacteria is that they will 
be affected in different ways depending on their morphology. The shape of the 
bacteria influence the way ultrasonic waves will be absorbed by the organism, since 
a round shape will present a higher resistance for the transmission of the waves 
than a rod shape (Alliger, 1975). Bacterial size has a big impact on the effect of 
ultrasound. Larger cells are more responsive to ultrasound and more changes will be 
produced than in smaller cells (Ahmed and Russell, 1975). Scherba et al. (1991) 
found that gram-negative bacteria are more sensitive to ultrasound than gram-
positives, and they theorize that this is probably because gram-positives have a 
thicker cell wall than gram-negatives. 
Thermosonicatlon 
In general, ultrasound alone has been found to have little effect when applied 
to foods. Probably the main reason for this is that ultrasonic energy is lost when 
waves pass through the food. Many of the components of food are good "insulators" 
(like fat), in other words they allow the sonic waves to pass through, but the toll the 
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waves have to pay is the loss of energy. Many other conditions will affect the 
transmission and penetration of ultrasound in food: low moisture content; a 
"crust"(like a hot dog skin, or the bread outer layer) covering the surface; a mismatch 
between the system, as the hom and the food item and many others. For all of these 
reasons, it is extremely important to consider all of the factors when designing an 
ultrasonic system for an specific food article. As mentioned, a round shape will be 
less affected by ultrasound than a rod shape; this is probably the reason why 
ultrasound alone will not destroy spores. 
A new method for bacterial destruction is called thermosonicatlon. 
Thermosonicatlon involves the use of ultrasound and heat combinations for bacterial 
destruction. When ultrasound is applied, the amount of heat necessary to inactivated 
bacteria is lowered, allowing for less harsh heating treatment. Cooking alone can 
destroy bacteria and spores present in food; but the problem is that the structure of 
the food will be affected. For this reason, new methods of lowering the amount of 
heat necessary to destroy bacteria are being studied. In the case of ultrasound, a 
higher amount of energy is needed to destroy spores. When ultrasound is combined 
with heating, the heating needed will be less. There are two possible mechanisms 
regarding how this takes place; the first uses cavitation theory as its basis stating 
that; heat is produced from inside the cell, lowering the amount of heat necessary for 
the treatment. The second mechanism suggests that less heat is needed due to the 
opening of the cell spaces when ultrasound is applied. 
Manothermosonicatlon 
Another antimicrobial method using ultrasound is known as 
manothermosonication. This method combines the use of ultrasonic waves, 
temperature, and pressure. When these three factors are combined, their lethal 
effect is enhanced. Raising the temperature alone is enough to destroy bacterial 
cells, but when combined with pressure, the amount of energy needed is less and 
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when ultrasound is applied as well, the energy requirements are decreased even 
more. 
Conclusions 
The use of ultrasound, alone or in combination with other treatments, has 
some potential as an antimicrobial process. It's possible that the best results will be 
obtained by combining different pressures, temperatures, and the right frequency 
depending on the type of microorganisms which are to be eliminated. It's also 
possible to combine ultrasound with antimicrobial agents to kill bacteria (ultrasound 
can be use to enhance the absorption of an antimicrobial agent by the cell, 
increasing the amount of bacterial destruction). My opinion on how to use the type 
of equipment I used for my research would be to combine different antimicrobial 
agents with ultrasound at 20kHz and use various intensity power levels. 
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Chapter 6. Experiencing Ultrasonics 
Many researchers have been using ultrasound technology on meats, some 
with positive results and some with negative results. In my case, after examining my 
research data, I found answers to some of my questions, but also, I came away with 
many more questions. I hope this chapter will help the next generation of ultrasonic 
researchers in their search for answers. I would have loved to have previous 
ultrasonic researchers explain what they had experienced in order to help me 
understand and avoid repeating their mistakes. Please, keep in mind that this 
chapter is not a scientific explanation of ultrasonics, but rather my personal 
experience with the technology. 
Now, this is probably the hardest chapter I had to write for my dissertation. It's 
not easy to explain in words what you're experienced during a research project; that 
"gut feeling" you get after running a test and your mind is trying to analyze what you 
saw while also starting to think about the next phase of your research. As a scientist, 
I'm puzzled about how bubbles from cavitation behave in order to cause changes in 
meat structure. As an engineer, I'm eager to understand how all of these changes 
take place, and how this technology can be modified to improve these effects. The 
purpose of this chapter is to discuss my personal experience with ultrasonic 
technology and to talk about the preliminary testing I conducted. This chapter was 
conceived by a suggestion from Dr. Mani Mina, one of my committee members. 
116 
It has been over two years since Dr. Man! Mina (at that time with ETREMA, 
currently with Iowa State University, Department of Electrical and Computer 
Engineering) approached Dr. Joseph Cord ray (with Iowa State University, 
Department of Animal Science) with an idea for a project involving the application of 
high power ultrasonic treatment of fresh beef for tenderization. At that time I was 
looking for a research topic for my dissertation and when Dr. Cord ray mentioned his 
meeting with Dr. Mina and asked me if I had an interest in the project, I decided to 
learn more about it. That same week, I went to visit Dr. Mina at his office at the 
Ames Research Park to talk about his idea, and after a couple of weeks, we were 
able to come up with a draft of what was to become my research. 
Preliminary Experimentation 
Before I continue describing the experiments, let us go back and refresh our 
memories about cavitation. The whole basis for my experiment is the cavitational 
effect of ultrasonic waves passing through muscle to aid in tenderization. Cavitation 
is defined as the formation of cavities when pressure is applied which separates 
molecules of a liquid medium. As the molecules from the medium are pulled apart 
forming cavities, any gasses dissolved in the medium will fill these cavities. In the 
case of muscle tissue, we know that around 70% is water, and we also know that 
gasses are dissolved in this water (for example, oxygen O2), so there you have it, 
two of the components of cavitation. The final ingredient is a nucleus to help produce 
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cavitation, and again, we have enough minerals and/or impurities dissolved in the 
water inside the muscle for that. 
As you can see, cavitation is a very powerful technology. According to some 
scientists, cavitation can produce temperatures of up to 3,500°F (some even think 
that the temperature can reach up to 5,000°F) and pressures of 1,000 atmospheres, 
all of this in a really short period of time, like a couple of milliseconds (Suslick, 1989). 
If you think for a moment, this is an incredible amount of energy released into the 
medium, so why don't we have more changes in our medium? Maybe it is because 
the energy is concentrated in a very large area where bubbles are formed directly 
below the ultrasonic wave and also because, when the bubbles implode, they 
implode at different times. These bubbles will form small pockets in different areas 
of the ultrasonic wave and the energy liberated will be distributed over the whole 
medium. This is something I observed when I was running my first two experiments. 
At that time, I was running the experiments with collagen gels, made with 
commercial food grade type A unfavored gelatine (Knox, Nabisco, East Hanover, 
N.J.). The idea was to see how collagen was affected by ultrasound at 20 kHz (kind 
of like a model system). Now, I will try to describe what I saw. As soon as the 
machine was turned on and the probe was getting close to the surface, I was able to 
see "waves" forming in the surface of the gel (the surface was "wavering"), I was 
also able to see how the ultrasonic waves were bombarding the surface of the gel 
and how the surface was changing shape without melting, it was incredible. 
Nevertheless, I wasn't prepared for what I saw next. As soon as the probe touched 
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the surface of the gel, it started to melt and evaporate. Of course, bubbles were 
forming at the surface. I believe these bubbles were from the boiling of the gelatin 
and not from actual cavitation; but in the middle of the beaker, several bubbles 
started to form and grow. I was actually able to see how the bubbles started getting 
together to form a bigger bubble, and in some cases, when I was watching very 
carefully, I was able to see how the bubble disappeared (probably by implosion, but 
it was too fast to say) and smaller bubbles were replacing the big bubbles. With 
time, these bubbles repeated the cycle. 
An amazing fact was that every time I applied ultrasound to the gel samples, 
the surface of the gels melted, but as soon as I retired the probe, the gel that 
apparently was liquid returned to its past condition (solid state). Some of the gel 
volume was lost due to evaporation. I think this change takes place because of the 
large amount of water present. When the energy reaches the gel, the water 
dissociates from the collagen particles, but as soon the probe is retired, the 
molecules start binding together again. It's hard to describe, but I could actually see 
how the gel liquefied, allowing bubbles to form, "dance", and implode below where 
the probe was located (probably exactly below the "sonic field"). 
Another thing I observed, even though I'm not completely sure, was what is 
called sonoluminescence, the production of light by cavitation. During the time I ran 
my second experiment with gels, I'm sure I experienced this phenomenon, but even 
though I believed I experienced it; it is possible that ambient light shining at the right 
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angle could give the impression of sonoluminescence. I remembered that I saw a 
small flash of light from the area where the bubbles were disappearing in the beaker; 
I believe I saw it twice, one flashed immediately after the first one. In theory, 
sonoluminescence can be produced if the right conditions (pressure, frequency, etc.) 
are present, so it is possible that sonoluminescence was created during the 
experiment. I have tried to run these experiments again, but have been unable to 
see this phenomenon reoccur. 
Three different electrical power levels were used, with different results: 
1. 400w for 2 seconds (1=21.21 w/cm2, Intensity of treatment at gel 
surface. Intensity = Electrical Power-in watts * Area probe-in cm2 ) - As 
soon as the probe touched the surface the gels melted immediately, 
producing a "burned smell"; a couple of minutes after retiring the 
probe, the sample returned to a solid state (minus some gel lost due to 
evaporation). No bubbles were observed. 
2. 150w for 5 seconds (1=7.95 w/cm2) - The gel samples melted, but not 
to the same extent as the gels used for the 400w level. No bubbles 
were observed. 
3. 10Ow for 5 seconds (1=5.3 w/cm2) - Melting of the gels was observed. 
Small amount of bubbles were observed in the beaker. 
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4. 700w /or f 0 seconds (7=5.3 - Melting of the gels was observed. 
There were more bubbles than at the same power level employed for 5 
seconds. 
5. fOOw /or Y 5 seconds (/=5.3 - Melting of the gels was observed. 
Bubbles were undoubtedly observed in the beaker; agglomeration of 
small bubbles to form a bigger bubble was observed. Bubble implosion 
was observed as well as a small flash of light. 
After running these experiments, I realized that gel models could not give a 
good indication of how cavitation would affect muscle fibers; nonetheless, they gave 
me a better understanding of how bubbles are formed and cavitation takes place. 
Following these experiments, I decided to work with meat cuts. For the third 
and fourth sets of tests, I decided to use beef round steaks {Adductor, Bicep femoris, 
Semimembranosus and Semitendinosus muscles), the idea behind this selection 
was to see if it was possible to Improve a low value, less tender cut by making it 
more tender. To evaluate tenderness, I ran shear force (Warner Bratzler) to 
measure the amount of force needed to cut through the sample. Two levels of 
intensity were used for the third experiment: 20 w/cm2 for 45 seconds, one side and 
both sides treated; 0.6 w/cm2 for 60 seconds, one side and both sides treated. Three 
levels of intensity were used for the fourth experiment: 20 w/cm2 for 40 and 45 
seconds, one side and both sides treated, fresh and frozen; 40 w/cm2 for 40 and 45 
seconds, one side and both sides treated, fresh and frozen; and 60 w/cm2 for 40 and 
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45 seconds, one side and both sides treated, fresh and frozen. The results of both 
experiments were not conclusive. Too much variation in samples was observed, 
probably due to levels of observable connective tissue present. An important 
observation that I made during these tests was that when moisture was present on 
the surface of the sample, surface cooking took place (probably due to cavitation). 
Because of the variability between round steak samples used, I decided to 
run the experiment using a muscle with less connective tissue In order to have less 
variability in shear force results. I will not talk about the results of both final 
experiments; we have already talked about them in chapter 3 and 4 of this 
document. 
Other Testing 
As I have worked with ultrasound, I have made several attempts to 
understand how cavitation works. I have read many books and articles and ran 
experiments to observe what happened when ultrasound is applied to solids. But 
probably, what gave me the best understanding of what happens during ultrasound, 
was several of what I have called "observational studies". 
As I mentioned before, during my research I was able to witness how bubbles 
are formed and broken up, and then how the cycle starts again. I was even able to 
catch a glimpse of what I believed was sonoluminescence. I was also able to 
experience, first hand, how cavitation takes place in meat. During one of my first 
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tests, I accidentally touched the probe for a couple of seconds, enough to come into 
contact with its effects. What I felt is what I describe as a "tickling sensation ", starting 
in the surface of my finger, but then, penetrating inside of it. I was lucky that the 
energy input was low, so my finger didn't suffer any damage (At that time, I had 
already seen how damaging ultrasonic cavitation can be). After this experience, I 
touched the probe surface on several more occasions with my fingertip to 
experience again that sensation in order to be able to describe it. Another thing I 
noticed was that when I tried to touch the surface of the probe, my finger slid from 
side to side on the probe surface, without literally touching the surface of the probe. 
But, what caused the biggest surprise was the fact that I could actually feel 
something pushing my finger away from the probe, even though the repelling force 
wasn't very strong. 
Another test I ran was with aluminum foil; the ultrasonic cleaning industry has 
a test called the "foil test", which consists in placing a piece of aluminum foil around 
a metal rod that will be submerged in the sonic tank for about 20 seconds. The 
purpose of this analysis is to test the ultrasonic system's power by measuring the 
damage to the foil. What I did was similar, but instead of using a tank or container, I 
put a couple of water drops on the surface of the foil that was being sonicated. As 
soon as the water on the surface started to cavitate, small indentions appeared on 
the surface, and with time tiny holes were produced that grew as I increased the 
power output supplied by the ultrasonic machine. It was incredible to watch how a 
little bubble could cause so much destruction. 
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In doing all of these experiments, I'm finally beginning to understand how 
ultrasound produces cavitation, and how cavitation is able to produce changes in 
solids. In the next section, I will talk about the things I would love to change in my 
past research. 
If I Could Start My Research Again... (Things I Would Change) 
Often it is hard to have everything needed to run an experiment, many times it 
is necessary to improvise and adapt the equipment and techniques to be used in 
order to achieve an objective. In my research, that was the case. 
Probably the first thing I would change is the way I ran the experiment. I 
treated too many samples in each session. Secondly, I would look for a better way to 
measure the amount of power put into the samples by the system. After reading 
several authors, I came to realize that the calorimetry method has the greatest 
amount of inaccuracy because it is based on temperature changes, and cavitation 
will tend to produce huge amounts of energy in the form of heat. I will probably try 
two or more methods (see Chapter 2, "Ultrasonic Power Measurement Methods, p. 
41 ) in order to compare results. 
I would take advantage of my learning of how the various physical parameters 
(temperature, density of sample, sound propagation in solids, etc.) affect the 
ultrasonic power distribution in the samples. I found during my preliminary 
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experiments, that depending on some of those parameters, the samples would 
behave differently each time (that is one of the reasons why I decided to apply the 
treatment under refrigerated conditions). I would also try to run more experiments 
with "models" instead of meat, to see how ultrasound and ultrasonic cavitation affect 
them. Some of these models could be: collagen (probably using tendons or 
connective tissue), fat, bone, and then lean tissue. 
Another wish would be to test more than one frequency, even though 20 kHz 
is a standard of equipment manufacturers. My personal believe is that it will probably 
be necessary to use different frequencies to affect different components in the 
muscle. 
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Chapter 7. General Conclusion 
From the results obtained through these studies, I can conclude that 
ultrasonic cavitation at 20 kHz does not have an immediate tenderizing effect on 
beef muscles. However, ultrasonic treatment at this frequency appears to speed the 
maturation process in meat. This hypothesis seems to be confirmed in both 
experiments, especially in the 5% SDS PAGE gels at 7 days, where differences in 
the high molecular weight proteins were observed. In particular, in the high intensity 
power ultrasound experiment, the gels showed a possible degradation of titin, which 
several authors concur is a sign of the aging process. Another indication of this was 
demonstrated by the shear force results, where day 7 showed significant differences 
(p <0.05) at the higher levels of electrical intensity power treatments in both 
experiments. 
Another important finding was the fact that a greater tenderizing effect was 
found at the 40 w/cm2 level, followed by the 50 w/cm2 level in the high intensity 
power ultrasound experiment. This fact indicates that it is probably at these levels of 
power where the best results for tenderization at 20 kHz can be obtained. These 
findings are based on all the results obtained during the experimentation. 
My recommendations for the next phase of research will be to concentrate on 
this area of power (between 40 and 50 w/cnf levels), and to try to calculate the 
amount of energy entering the samples. If this is accomplished, it will then be 
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possible to apply the same amount of energy at different intensity power levels, and 
also at different frequencies. It will be necessary to involve different disciplines (Meat 
Science, Engineering, etc.) to accomplish this task. 
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